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LAWS OF TURBULENT FLOW IN OPEN CHANNELS 
By Garbis H. Keulegan 


ABSTRACT 


e theoretical investigations of Prandtl and K4rmdn, and the experimental 
rk of Nikuradse, have led to rational formulas for velocity distribution and 
lic resistance for turbulent flow in circular pipes. With certain assumptions 
ling the effects of secondary currents and of the free surface, and with the 
of the hydraulic radius as the characteristic length, similar rational 
ilas are deduced for open channels. The validity and the applications of 
» formulas are illustrated by a study of Bazin’s experiments. In this study 
ivalent sand roughnesses of the channels used by Bazin are determined. 
iterion for determining the conditions under which a channel with wooden- 
nk surfaces is to be considered hydrodynamically wavy or hydrodynamically 
is also evaluated. The rational formulas with constants determined from 
's experiments are expressed in the form of power laws. It is shown that 
ng’s empirical formula is a good approximation to the rational formula 
channels when the relative roughness is large. 
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I. INTRODUCTION 


The theoretical investigations of the phenomena of turbulent floy 
by Prandtl and by K4rm4n have prepared the way for rational inter. 
pretations of experimental results. In these investigations ty, 
distinct relationships of basic importance are expressed. First, jp , 
unidirectional turbulent flow the apparent shear at any point oy nds 
on the square of the velocity gradient at that point. Second, 
factor of proportionality in the relation of the apparent shear to ts 
square of the velocity gradient is determinate once the similarity 
of turbulence is assumed. As a result of these two relationships, no! 
only the velocity distribution, but also the hydraulic resistance fact 
for circular pipes, has been expressed in a rational form; that is, in ; 
form derived by analytica) methods involving only two constant 
to be determined by experiments. One of these constants is a uni- 
versal constant, which is a characteristic of turbulence. The other 
constant is a characteristic of the surface of the pipe, which will be 

valled the “surface characteristic” in this paper. In his classic 
experiments on circular pipes, Nikuradse [1, 2]! determined the 
universal constant of turbulence and the surface characteristics fo) 
smooth pipes and for pipes with one type of rough surface. Thes 
general results are well known and are presented in detail in recent 
works [3]. 

This paper is an attempt to apply these same principles to the 
problem of turbulent flow in open channels, mainly for the purpose 
of developing formulas for resistance or for mean flow in forms similar 
to those obtained for circular pipes. Two assumptions are made 
in developing the formulas. The first assumption is that K4rman’s 
universal law of velocity distribution near a solid boundary is of 
general applicability. The second assumpt ion is one in regard t 
the effects of secondary currents and of the free surface. It is assumed 
that the average result of these effects over the cross section of a 
channel is, in general, a small quantity which can be merged in the 
surface characteristics entering the flow formulas. Furthermore, it 
is found that when the hydraulic radius is adopted as the characteristic 
length of a channel cross section, the resulting formulas become prac- 
tically independent of the shape of the channel except for a correc- 
tion of geometrical origin which can likewise be merged with the 
surface characteristic. Thus the formulas for flow in open channels 
are identical in form with those for flow in circular pipes, the differ- 
ences being in the values of the surface characteristics. 

The necessary experimental data used in this paper are takeu 
exclusively from Bazin’s pioneer research [4] on flow in open channels, 
which constitutes an outstanding monument to early scientific work 
in this field. These experiments were carried out on a large sc ale 
near Dijon, France, in the years 1855 to 1860. 

As a matter of convenience, the following definitions are adopted. 
A “pipe” is a conduit for carrying water in ‘which the flowin stream 
is entirely bounded by solid surfaces. A ‘ ‘channel” is a conduit for 
carrying water in which the flowing stream is in part bounded by an 
air surface; that is, the stream has a free surface. The word “channel 
is thus used as a synonym for the expression ‘‘open channel.” 


1 Figures in brackets indicate the literature references at the end of this paper. 
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II. DEVELOPMENT OF THE THEORY 
1. THE KARMAN LAW OF VELOCITY DISTRIBUTION 


The discussion here of the theory of velocity distribution relates 
(0 unidirectional flow in the neighborhood of a plane wall of large 
extent. When it is necessary to consider experiments for verifica- 
tion of the theoretical] results, reference will be made to studies of 
fow in circular pipes, since numerous and reliable data are available 
for this case. These references are permissible because the flow in 
circular pipes is also unidirectional. 

Again, in these discussions the thin laminar Jayer at the wall will 
be ignored, since the portion that it contributes to the total flow is 
negligible. 

(a) GENERAL LAW OF VELOCITY DISTRIBUTION NEAR A SOLID WALL 

Prandtl [5] has given the following expression for the turbulent 
shear stress at any point in a fluid moving past a solid wall (see fig. 1): 

1 ue 
Vv 7/p— dy (1) 
where 
-the shearing stress at the point, 
p=the density of the fluid, 
=the velocity at the point, 
y=the distance of the point from the wall, and 
=the so-called mixing length of momentum exchange. 
For the purpose of finding an approximate law of velocity distribu- 
tion in the neighborhood of the wall, we write eq 1 in the form 


— 


/ 


a 
V To/ P =ljn T/T, 
where 7 is the shear in the fluid at the wall. 


The quantity in the left member 
of eq 2 has the dimensions of a 
velocity, and, because of its signifi- 
cance, has been called by Prandtl 
the shear velocity, denoted by the 
symbol u,. To make the concept 
of shear velocity more concrete, it | 
may be pointed out that it can be | |, LAMINAR LAYER 
expressed in the following simple =47t> vee! ambit 
manner in terms of more customarily 
used quantities: 


TURBULENT CORE 





x 
| 


Figure 1.—Dzagram of velocity distri- 
(3) bution in a stream flowi ing past a solid 
wall to illustrate notation. 


us = VRig, 


both for flow in circular pipes and 

for uniform flow in wide channels, where 
R=the hydraulic radius, 
i=the hydraulic gradient, and 
g=the acceleration of gravity. 


Introducing the notation for the shear velocity, we write eq 2 as 


a 1/2 
Ue= (2) . 
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As a consequence of his principle of similarity of turbulence. 
Karman derived the following expression for the mixing length / aj 
any point y in terms of the velocity gradient at : 


, 


l=x— > 
: 


where the primes indicate differentiation with respect to y, ' 
is a universal constant characterizing the turbulence [5]. This latter 
expression for /, however, requires a modification for the following 
reason. The two experimental determinations of / from the inde- 
pendent expressions, eq 4 and 5, using the velocity measurements 
in smooth or rough circular pipes, may be made to agree with each 
other for small values of y by selecting x properly. But, then, for the 
same value of «x the two values of / show gradually increasing differ- 
ences for increasing y, the largest difference occurring for y=y,, 1, 
being the wall distance corresponding to r=0 [1]. Obviously, the 
agreement between the two determinations would be improved if no 
we select in the place of eq 5, 


hal Renae ( y )+ e 6s | 
|U Ym Ym, 


where k, and k, are constants. 
Since in the types of flows we shall be considering, the component o! 
acceleration normal to the direction of mean fiow would be negligible, 


= (1 =" y/y n) ’ 


eq 4 then may be written also as 


“i ly 3( y y ] 
ee ppnthens sae & - ns {~ ° a) 
Ux dy ] 9 8 y i = 2 @ +9) 


When / from eq 5 is substituted in eq 4 there results, for values of y 
approaching zero, 


which can be integrated, yielding 


= - In (y/Yo), 

where yo is a constant of integration. The other constant resulting 
from the first integration of eq 6 is put equal to zero as the consequence 
of the limiting value of uw’ at the wall. This is Kaérman’s law 0! 
velocity distribution in the neighborhood of a solid wall. The deriva- 
tion is made for small values of y. Experience, on the other hand, 
shows that eq 7 is sufficiently accurate also for large values of y, even 
when y is as large as Ym. In the second approximate solution, th 
differential equation corresponding to eq 6 would contain y/Ym. The 
form of the resulting equation is necessarily complex and hardly sult- 
able for the usual computations. Equation 7, being of a simpler 
form and also sufficiently accurate, will serve as the basis for the 
elementary mathematical development of this paper. 
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(heoretical considerations indicate that x should be independent of 

. nature of the wall surface. This has been verified in the cases of 
fow in circular pipes and between parallel walls [6]. On the other 

nd, the constant of integration yo, a length that we may term the 
‘characteristic length of turbulence,” varies with the shear velocity, 
and the roughness of the wall. 
The next step is to consider the evaluation of yo. Let 6 be the 
minimum distance from the wall at which eq 7 holds. (See fig. 1.) 
That is, 6is the thickness of the boundary layer in which the viscous 
stresses either predominate or are of the same order as the apparent 
stresses due to momentum exchange. It can be shown easily that 
the rate of energy dissipation Fin this layer per unit of surface is 


1 = T)Us, (8) 
re us is the velocity for y=6. From eq 7: 
u5/Ux = (1/x) In (6/yo), 


nd eliminating a; from the last two equations: 


9) 
- (9) 


Unfortunately, in the present state of our knowledge of turbulence EF 
and 6 cannot be computed, so that eq 9 does not serve as a means of 
computing Yo. 

In the absence of an adequate theory, the natural procedure is to 
resort to experience, using the method of dimensional reasoning as a 
uide. Based on the hydrodynamical effects that they produce, solid 
boundaries are usually classified as smooth, wavy, or rough. For 
hese three types of walls, y) may be expressed in three distinct forms 
hich will now be developed. 


(b) GENERAL EQUATION OF VELOCITY DISTRIBUTION FOR SMOOTH WALLS 
If the surface of the wall is smooth, yp will depend solely on w, and 


ud dimensional reasoning then furnishes the relation 


’ 


Yols —_m (10) 
V 


a constant, and 
-the kinematic viscosity. 


Substitution of this value of yp in eq 7 yields 


*in (= =), on 
- 2 30), (“*), 
K ae 
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which is the universal law of velocity distribution in the neighborhood 
of asmooth wall. The relation between the constants a, and mis 


1 l 
a,=2In(= ); 


which may also be written in the form 
m=e™, (12 


The law expressed by eq 11 has been confirmed by Nikuradse [1] 
who obtained from experiments on smooth pipes the relation 


U oi) as — YU 
—=5.5+5.75 log (He) 
. V i) 


Ux 


Comparison of the experimentally determined values in eq 13 
the corresponding algebraic expressions in eq 11 gives 


, l pv 
x=0.40 and y== —- 
Yo 9 Us 
This value of yo was first given by Prandtl. 
Karman gives for 6 the experimentally determined value 


(15) 


(c) GENERAL EQUATION OF VELOCITY DISTRIBUTION FOR WAVY WALLS 


When the wall surface is smooth but wavy in character (see fig. 2 
and the wall shear is sufficiently 
low, Yo is given by a relation o! 
the form 


<-— L — > 





LLL, 


WAVY SURFACE Yous fk 
BE wafl =), 
y “XL, 





k 
ana Ar Ray where 
. ia i L=the length of a wave, and 
ROUGH SURFACE k=the height of a wave. 


Figure 2.— Diagrams of wavyandrough _. : 
surfaces. The ratio k/E may be called the 


“relative waviness.”’ For a given 
ratio k/L, the function f may vary with the shape of the wavy projec- 
tions, and hence surfaces with waves of different shapes must be 
treated separately. 

If we introduce in eq 7 the value of y) from eq 16, there results 


U 1 yu 
— =a, +7In(“*), or 
K V 


Ux 


9 
U 4 log ( ) 
K Vv 


Ure 
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This is the universal law of velocity distribution for wavy surfaces. 
The relation between a, and the relative waviness is given by 


t(z)=6* (18) 


Qur present very meager knowledge of wavy surfaces may be 
summarized by the statement that a, decreases as k/L increases. 


(4d) GENERAL EQUATION OF VELOCITY DISTRIBUTION FOR ROUGH WALLS 


When the wall surface is rough (see fig. 2), the expression for yo 
must be derived from k, the elevation of the roughness elements. 
The theory of dimensions then yields the relation 


Yous kus 
ns (Me) r 


and accordingly the velocity distribution is given by substituting the 
value of ¥ thus obtained in eq 7: 


u ] yu 
—=a,+—In y+), or 
Un K v 


2.30 YU; 
a a,+ : log (¥ *) 
K V 


Ux 


This is the universal law of velocity distribution for rough surfaces. 
The relation between a, and the Reynolds number based on the 
height of the roughness elements is 


f (7). ™. (21) 


The function f is known completely only for roughness produced by 
closely packed grains of sand, as determined by Nikuradse [2] by 
experiments on pipes of circular cross section. For the roughness of 
surfaces of the type used by Nikuradse, the symbol k, will be adopted, 
to represent the mean height of the sand grains forming the roughness 
elements. 

Nikuradse’s data are given in figure 3, in which a, is plotted as 
ordinate against log (k,u,/v) as abscissa. Figure 3 shows that, when 
kyu,/v is less than about 3.3, a, is independent of vy and has the value 
5.5, which is the value of a, for smooth surfaces. In other words, 
when u,<3.3v/k,, the surface behaves as if it were smooth. 

Figure 3 also shows that when k,u,/v is greater than about 67, a, is 
given by the expression. 


ss " kyu nhs. pl teal ku 
a,=8.5—2.5 In (es =8.5—5.75 log “s, 
v 4 \ 


Vv 


Substitution of this result in eq 20 gives 
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which is the law of velocity distribution in the vicinity of a surfyco 
covered with closely packed sand grains. Since the viscosity of {| 
fluid does not enter eq 23, the equation applies to flow in the x 
where the hydraulic resistance varies with the square of the 
velocity. 

The significant point of Nikuradse’s investigation is the estal 
ment of these two critical numbers for rough surfaces : (4,u, /v),—: 
and (k,u,/v)2=67. These critical numbers define a transition reo 
in which both the kinematic viscosity and the relative roug 
affect the friction. The complete generality of the results of Niky 


12 














K;Ux 
v 


log 


Figure 3.—Surface characteristic a, as a function of log (kgux/v) for circular } 
with surfaces of closely packed sand grains, according to Nikuradse. 


radse’s investigation has been questioned on the grounds that thie 
pipes which he used were not long enough. If this claim is valid, 
then we may expect to find lower values for the criteria if very long 
pipes are used, the effect being more pronounced for the higher critical 
number. 

Schlichting’s investigation [7] of roughness consisting of regular 
geometrical forms having a preassigned distribution has shown that 
in this case the velocity distribution law in the region where the 
quadratic resistance law holds is given by 


(24 


which is of the same form as eq 23. Here a,. varies both with the 
shape and distribution of the roughness elements. 

Thus the significant deduction to be derived from the results 0! 
experiments with rough surfaces in the region where the quadrati 
resistance law holds is that a, in eq 20 satisfies the relation 
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1 ku 
1, = Ago In ( — }, 
K ae 


where @,) has different values depending on the shape and distribution 
the roughness elements of the surface under consideration, For a 
surface covered with sand a,>=8.5. 
Pre sumably wavy surfaces will also behave like rough surfaces if the 
ie ity is high enough. The few investigations of wavy surfaces 
.yorted in the literature have involved relatively low velocities, and 
the results indicate that the resistance is independent of the relative 
roughness for such velocities. However, it seems reasonable to 
assume that, if the velocity is increased sufficiently, the conditions in 
the boundary layer will be changed so as to produce a resistance that 
will vary with the square of the velocity. This condition will exist for 
ll shears given by the inequality 


(uyk/v) > o(Uy L ly), (26) 


here ¢ is a function to be determined. When eq 26 is satisfied, then 
the velocity distribution for a wavy surface will be given by eq 20. 

The constants ds, @,, @,, and d,, will be referred to hereafter in this 
paper as the ‘‘ hydraulic characteristics of the surfaces,’ or more 
briefly, the “‘ surface characteristics.” 


2. DERIVATION OF RESISTANCE FORMULAS 


sap experiments have shown that the resistance coefficient in 
; for a given Reynolds number R, is not affected by the shape of 
the pipe, provided that in forming the Reynolds number the hydraulic 
radius # is used as the characte ristic length of the pipe [8]. This can 
be explained by assuming that turbulent flow exhibits the following 
two properties. First, the velocity at a point in the vicinity of a wall 
depends solely on the shear at the wall element nearest to the point 
a! nd not on the shear over the whole wall surface. Secondly, when the 
istance of the point from the wall is large enough, the increase in the 
velocity takes place at a rate much smaller than the rate of increase 
the distance. This latter property is evident either from the 
power law or from the Karman logarithmic velocity law. No 
such simplification exists for laminar flow, since the flow at a given 
point is affected by the whole wall. In fact, viscous uniform flow is a 
oundary-value problem. 

These two properties of the law of velocity distribution permit its 
application to other cases of turbulent flow, once the constants in- 
vol ved 3 in the law have been determined from tests on pipes of circular 
cross section. As examples of such applications there may be cited 
the analytical determination of the hydraulic skin friction of circular 
disk and flat plates [9, 10]. 


(a) RESISTANCE FORMULAS FOR CIRCULAR AND INFINITELY WIDE 
RECTANGULAR PIPES 


As simple illustrations of the use of the hydraulic radius and of the 
Karman law of velocity distribution, the coefficient of hydraulic re- 
sis stance will be computed for two forms of pipes: (1) A pipe of circular 
cross section and (2) a rectangular pipe of infinite width. In the 
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first case, the wall shear 7 is the same over the entire perimeter of the 
section, and in the second ca se the variation in 7 at the two sides 
of the pipe can be neglected, since the pipe is infinitely wide. Hence. 
in both cases to=7), the bar denoting the average value for the 
section. 

Defining the friction coefficient \ in the usual way, the relation 


To 


p 8 6 


-~f 
in which @ is the mean velocity of flow for the cross section, leads to 
the expression 


where 
awry 
=~ (T/p). 

Hence as a measure of the resistance, it is sufficient to consider the 
ratio a/a,, which will be called the ‘“‘mean flow ratio,’”’ instead of the 
resistance coefficient \. This practice will be followed throughout 
this paper. 

(1) Smooth walls —Considering now a pipe of circular cross section, 
both sides of the expression 


“uu ‘yt ] 
—=—=aq,+5 In ( *), @=:— } 
Uy, Uy v K 


which is the velocity distribution equation for a smooth surface, are 
multiplied by 2xrdr, and then the resulting equation is integrated be- 
tween the limits (r>— 6) and 0, 6 being the thickness of the laminar 
sublayer and ro the radius of the pipe. The flow in the Jaminar 
sublayer is negligible in comparison with the flow in the turbulent 
core, and hence the terms involving 6 may be neglected. The re- 
sulting equation for the mean velocity of flow in a smooth-walled 
pipe of circular cross section is then 


U u a Tots i 
— =—~=a,—1.5b+6 In {| — } (29) 
Uy, 4t aa 


In a similar manner the equation for a smooth-walled pipe of 
rectangular section and of infinite width can be obtained, and is 


found to be 
ul i ha 
— =—=-q,—})+6 In (=) 


Ux 


where h is half the height of the section. 
Introducing the hydraulic radius, R=r,/2 and R=h, respectivel) 
in the last two equations, they become 


a & Ri 
ave Mme ;—0.816+56 In ( *), a 
i. py 


- Ris 
—=——¢,—bh+5 in ( ), 


Us, ty 


respectively. It should be noted that this last equation applies also 
to a rectangular channel of infinite width and of depth h. 
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introducing the experimentally determined values as=5.5. 
2.5, and changing to common logarithms, the equations hecome 


a eee Ri, 
SS = 8.071 O60 log (=*), (33) 
Ux Ux : v \ 


\ 


for smooth-walled pipes of circular cross section, and 


Ri, 
=3.0+5.75 log ( *) 
: >, 


for flow between smooth parallel walls of infinite extent. Thus, when 
the h ydraulic radius is adopted as the characteristic length, it appears 
that the expressions for the average velocity become ne: rly identical 
in the two cases just considered. 

Rough walls.—To obtain the corresponding expressions for the 
mean velocity when the surfaces are rough, it is sufficient to replace 
1,in eq 31 and 32 by the value of a, given by eq 25. Hence when the 
valls are rough, eq 31 and 32 become 


1,o—0.816-4 pin(*) 35) 


for circular pipes, and 


tions b-+-bIn( 5 ) (36) 


k 


for parallel walls of infinite extent. 
If the roughness is produced by closely packed sand grains, as in 
Nikuradse’s experiments on rough surfaces, @,.—8.5, and eq 35 and 36 


become 


(37) 


Ux 


or parallel walls of infinite extent. 
b) RESISTANCE FORMULAS FOR CHANNELS WITH POLYGONAL CROSS SECTIONS 


In passing from a circular pipe to a polygonal channel, a complica- 
tion arises from the presence of secondary currents at the corners of the 
channel. Prandtl [5] has explained these currents as being due to the 
three-dimensional character of the turbulent velocity fluctuations. 
In consequence, the shear at the wall corners is reduced, since other- 
wise the resulting dissipation would be greater than that which can 
be maintained by the externally furnished energy. Thus in polygonal 
channels the shear at the wall is not uniform. Also the free surface 
acts as if it were a source of friction. The turbulent fluctuations near 
the surface, now only two-dimensional, again are a source of energy 
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dissipation, as the velocity at the surface is not uniform. If th, 
extent of the free surface is decreased, a larger dissipation occurs, an( 
the filaments of maximum velocity in any vertical are depressed. 
Accordingly, in applying Kérmin’s velocity law to channels, attentioy 
must be paid to these factors. 

(1) Trapezoidal channels.—The expression for the mean velocity jy 
a channel having a trapezoidal cross section will be derived next, an¢ 
it will be demonstrated that the correction terms due to the variation 
in wall shear over the solid boundary and to the apparent shear at tly 
free surface may be neglected w ithout involving an error greater tha 
a few percent. In other words, the hydraulic. radius as customaril 
computed can be used as the characteristic length of the cross section 
of such a channel. 

It is necessary to treat two cases; (1) when the bisectors of the 
internal angles intersect above the water surface, and (2) when the, 
intersect below the water surface. (See fig. 4.) 

Case 1.—Bisectors intersect above water surface. The internal 


Y 

il 
\ 
\ 


angles of the cross section (see fig. 4) will be denoted by 6, and 6, the 


base width by Bo, and the depth of the water by h. For purposes o| 
computation, the cross section will be divided into ZONES of infinitesimal! 
width dy i in such a way that all portions of any given zone are at the 
same minimum distance y from the wall. 








|. BISECTORS OF SASE ANGLES 2. BISECTORS OF BASE ANGLES 
MEET ABOVE WATER SURFACE MEET BELOW WATER SURFACE 


Figure 4.—Diagrams of trapezoidal channels to illustrate notatio: 


The velocity wv at a given point P in one of the zones can be writte! 


as 
J a+bin( *)-«, 
Ux tie 


Here y is the normal distance of P from the wall and w, is the shea! 
velocity computed from the shear at the foot of the normal from P. 

The term e€/i/a, is a correction applied to take account of the effect 
of the free surface. 

The correction is expressed conveniently as a certain fraction e, of the 
ratio @/d,, where @ is the average velocity in the cross section, and %, 
is the average shear velocity over the solid boundary. It is obvious 
that e, will be a function of the position of the point P. The relation 
of the local shear velocity uv, at an element of the wall to the mean 
shear velocity can be expressed by 
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! 


Ux. == Uz ( ] TT €xy ) (40) 


Replacing uv» In eq 39 by its value from ey 40, and discarding some 
|] quantities involving e,, there alia 


a -a-+bin( U2 ) (ey epee (41) 
V 


sma 


This may be referred to as the exact law of velocity distribution in a 
— with smooth surfaces. If we neglect the flow i in the laminary 
iblayer, the total flow through the cross section is given by 


wA=[" uBdy, (42) 
Jé 


vhere A is the area of the wetted cross section and 6 is the thickness 
of the laminar sublayer. 
The length B of any zone is given by the relation 
B=p—ay, (43) 
where 
the wetted perimeter, and 
=a function of the included angles of the form 
=ctn 0,-+-ctn 6.-+2ese 0,+-2esc 6. (44) 


Substituting in eq 42 the value of uw from eq 41 and the value of B 
from eq 43, integrating, and neglecting the small quantities involving 
§, there results 
I] hu 4 a ba 
=a —b+6 In a(= ®t te (45) 

where € is defined as 

«2 £, 

€ =F (e,—e, dA. (46) 


if the h in the logarithmic term is now replaced by the hydraulic 
radius R by the substitution h=Rh/R, and if B is used to represent 


the difference 
~7s oe fe 
ain (; (47) 


the expression for the mean velocity of flow in a channel of trapezoidal 
cross section with smooth walls becomes 


£4, -b+6 In (A) +58—2 = (48) 


Ux * 
The corresponding expression for wavy walls is obtained by sub- 


stituting @, for a, in eq 48, and is 
Ra i 
b-+-b In (2) +0822. (49) 
V , Ux 


_ ‘If the walls of the channel are rough, a, in eq 48 should be replaced 
by d, as given by eq 25 in which the value of a,, depends on the 
roughness of the surface under consideration. The equation for the 
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mean velocity in a rough-walled channel of trapezoidal cross sect 
then becomes 


a,,—-b-+4-6 In (7) +08 


Us 


Case 2.—Bisectors intersect below water surface. If the free surfac, 
is above the point of intersection of the bisectors of the internal angles 
the v: alue of 8 must be expressed differently. (See fig. 4.) Let the | 
bisectors of the included angles meet at a point 0’, at a vertical dis. ) 
tance hy from the bottom. The vertical line passing through (’ 
meets the free surface at the point 0. The two normals drawn froy 
O to the side walls are of Jength d; and d;. The vertical throug! 
and 0’ divides the area A of the trapezoid into two portions A, a 
A,. Then 6 will be given by the relation 


2AB= (2 cot 6,/2-+tan 6,)ho? In (Ap/d;) 4 
(2 cot 6, 2/2-+ tan 62) ho” In —- )+ 
2A, In (d,/R) +2, In (d, /R)— 


where £# is the hydraulic radius. 

The value of 8 thus determined can now be substituted in eq 4s 
49 and 50 for this case. 

(2) Channels of other shapes.—If the mean velocity in a channel of 
any other cross section is computed in the same manner, it will be | 
found that the expressions for this vel: city have the same form as 
those given for a trapezoidal cross section in eq 48, 49, and 50, 
that the values of 8 and € vary from section to section. Hence | these ) 
three equations are the rational equations for the mean velocity of . 
uniform flow in channels of constant cross section and slope, since they , 
are derived from a rational theory. 

(3) Error from neglect of the correction terms.—Kq 48, 49, and : 
also enable us to compute the magnitude of the error that is involved : 
if we neglect certain additive terms. If these general equations are 
compared with gy: corresponding equation for a channel of infinit 
width (see eq 32), it will be observed that they differ from it only i 
containing the additive terms b6@—e a@/i,. These terms may 1 
interpreted as due to the combined effect of the existence of a fre 
surface and of a nonuniform distribution of shear at the walls. The 
term b8 can be computed readily for any given shape of cross section 
as this is a mere matter of geometry. Computation shows that for 
triangular cross section 8 is independent of the depth of the wate 
and has the value 

B=0.19. 


For a rectangular cross section it takes on the value 


p=In(1+F) B,’ ' 


as can be seen from eq 47. . 
For a semicircular cross section, 6 has the form | 


a= [Lm (b) et oo 


Some computed values of 8 for bein and semicircular channels 
are given in table 1. The above formulas show that 6 varies with 
the hydraulic radius. ‘Table 1 shows on the other hand that § in 
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itself is a small quantity. For polygonal channels other than rec- 
tangular, 6 is found to be of approximately the same magnitude as 
for a rectangular channel. For the sake of simplicity then, we may 
take B=0.1 for all polygonal channels irrespective of shape, since the 
error thus introduced is small. 

Little is known as yet about the quantity «. From the manner of 
formation, it can be inferred that € is small, particularly in those 
cases where the depression of the filaments of maximum aus is 
a. It is conceivable that the magnitude of € will depend on the 


TABLE 1.—Values of B for rectangular and semicircular channels 
tectangular {| Semicircular 


6 


0. 049 
. 098 
. 143 
.175 
. 193 











shape of the cross section. The exact determination of its value no 
doubt is connected with some parameter involving the ratio of the 
transverse length of the free surface to the wetted perimeter. 

It is very like ly thate écan be evaluated best by means of experiments. 
The above expressions, eq 48, 49, and 50, indicate that in experl- 
ments for this purpose the surface ‘characteristics of the channel wall 
will have to be determined in advance by tests on other forms of 
channels, or preferably on very wide rectangular pipes. 

We leave the term € @/d, out of consideration by assuming that it is 
smal] and can be merged with the surface characteristics a,, @,, OF d,». 
We adopt 2.5 for the value of b and 0.1 for ap value of 8 and put 

A,=a,—2.5(1— B) =a,—2.25, 
Ay=4,—2.5(1— B) =a,—2.25, 
Ay=A,9—2.5(1— B) =ap—2.25. 
Thus, the general equations of mean flow, eq 48, 49, and 50, now 


become 
U ee Ri 
—=A,+5.75 log{ —* ), 
Ux . ae 
u 


ar hi, 
—=A,+5.75 75 log( — } and 


u —— R 
— 1-0 , v.f0 75 log |) 
i 


for smooth, wavy, and rough surfaces, respectively. The experi- 
ments of Bazin will be examined in the light of these expressions. 
But prior to this examination it is permissible to effect a further 
simplification in the flow expression for rough channels, eq 57, by 
introducing the concept of “equivalent sand roughness.” 


107462—38——_2 
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(c) EQUIVALENT SAND ROUGHNESS 


The hydraulic effect of roughness elements of arbitrary shape ay, 
of arbitrary distribution can be described very conveniently by cox). 
paring it with the effect of a rough surface consisting of closely pa ke 
sand grains of the type used by Nikuradse [2] in his studies of roye} m 
pipes. Such a comparison leads to the concept of equivalent san n 
roughness. The size of sand grains as a measure of roughness was th 
first suggested and used by K4rmén [11]. The basis of the comparison 0 
is the similarity of velocity distribution near a rough surface, Jp fo 
general +h 


ego +-5.75 log ¥ ) 24 10) 
Ux . Nk i W 


where k is a roughness height. In Nikuradse’s results a,) was found 
to have the value 8.5, so that on 


U 8 5-.5.75] Yy DE 
=d3.0 + 0./0 102 a (*)'2 mi 
Us. . ‘ =) k, ’ ' 0 


where k, is the size of the closely packed sand grains. sl 
Eliminating u/u, between these two equations, ne 
5.75 log ks =8.5—a+5.75 log k. (58 

This is the expression which gives the equivalent sand roughness | a 
for the particular roughness k. Physically, if a velocity w is observed Bt 
at a point distant y from a wall of an arbitrary roughness k under a : 
known shear, the same velocity will be obtained at the same point 
and for the same shear if the particular roughness is replaced by sand 
grains of size k, as given by eq 58. 

If velocity traverses do not exist for a given roughness in a channel, 






let us say, the determination of the equivalent sand roughness can 
be made to depend on the mean flow. From eq 50 after combining J °" 
the € term with a,., putting 5=2.5 and B=0.1, we have on 
Les 

sh a U oe : = to 

d,—5.75 log k=——5.75 log R+2.25. f 

ily : of 

Substituting this in eq 58, there results va 
i het 
5.75 log k,=6.25—( ——5.75 log R), (59 che 
Ux . y, { 

from which k, can be computed. An advantage of this procedure 3s OW 
that it is not necessary to make a geometrical specification of rough: 9 °° 
ness in any given case for the purpose of description. With / ser 
known, the expression for the mean flow in rough channels can nov on 
be written as 8 
u — _ R ' as 
—=6§,25+5.75 log ( - 60) blo 

thy a” > 
ne] 


mal 


lens 
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II. APPLICATION TO BAZIN’S EXPERIMENTAL DATA 
1. DESCRIPTION OF BAZIN’S CHANNEL INSTALLATION 


The experiments of Bazin which are reviewed in this paper were 
nade in an experimental channel located along the Bourgogne canal, 
near Jijon. [4] The channel was connected at the upper end with 

the ¢: a which supplied the water and at the lower end with the river 
Ouche which recelv ed the discharge. It ran parallel with the canal 
for a distance of 450 m and then turned to the left toward the river for 
the remaining length of 146.5 m. It was built of poplar planks placed 
longitudinally and fixed to wooden frames spaced 1.5 m apart. The 
width of the channel throughout its entire length was 2m. Rammed 
clay 5 gi the bed and cement mortar applied to the exterior of the 
vertical walls made the channel watertight. In the initial length of 
200 m the slope of the channel was 0.0049; for the next 250 m to the 
bend the slope was 0.0084. When it was found nec essary to experi- 
ment with slopes other than those given above and with different 

ross sections, these were invariably built of wood. To modify the 
slope a wooden floor was placed in the channel, and all spaces under- 
neath were filled with clay. 

The { fore ‘be ay at the upper end of the channel consisted of a rectan- 

rular chamber 5.40 m wide and 14m long. The flow of water from 
the dow into the forebay chamber was regulated by means of four 
cates. Hach had a width of 1 m and could be elevated to give a 
maximum opening of 0.4 m. The final control of the flow from the 
forebay chamber into the experimental channel was effected by means 
of 12 sharp-edged square orifices made of copper. With this ar- 
rangement a very uniform discharge was easily obtained. 

An assistant stationed at the gates maintained the surface of the 
water in the forebay at a level of 0.80 m above the midpoint of the 
orifices, guided by the indications of a float gage. During calibra- 
tion the discharge of the orifices was ascertained by putting a bulk- 
head in the initial portion of the channel and noting the time taken 
to fill the basin thus created. For determining accurately the volume 
of the water discharged through the orifices, the discharge was made 

ito the isolated portion of the channel after the bottom of the latter 
was covered with water. Thus the volume to be measured was one 
between two horizontal water surfaces and the vertical walls of the 
channel. 

The profile of the water surface in each test was measured as fol- 
lows. Three metal studs were placed on the upper cross piece of 
each channel frame, one at the midpoint and one on each side, to 
serve as datum points. Their heights were measured from the bot- 
tom of the bed and also from the water surface, the difference yield- 

g the depth of water. The depth gage was a graduated rod with 

sharp metal edge at its lower end. This rod was movable in a 

block which was rested on one of the datum studs during measure- 
ments. An examination of the tables of data shows that in a great 

nany tests the depth was measured continually over the entire 
iil of channel investigated. Sometimes more than 100 such depth 
iueasurements were made—never less than 40 Again, the depth that 
was used for computing the hydraulic radius was usually the mean of 
some 20, 30, or 40 such determinations. These were selected from a 
reach where the depth was found to be uniform. 
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The profile of the channel bed was carefully determined at th 
commencement of each series of operations in the following simp] 
and accurate manner. In each segment of the channel a bulkhea; 
was placed downstream, and the section of the channel in which thy 
slope was to be measured was filled with water. The profile of the 
channel bottom was then determined by depth measurements wit} 
reference to the still water surface. 

The velocity traverses were made by means of a pitot-static tube 
of the type developed by Darcy. The constant of proportionality of 
the instrument was based on the results of the following two of the 
three methods used. In one method the surface velocities in the 
channel were measured both by a float and by the tube, and the re. 
sults were compared. The comparison was restricted to measure. 
ments made in rectangular channels of large dimensions and great 
depth of flow. This comparison gave the value 1.006 for the cop. 
stant. In another method the integrated discharge determined from 
velocity traverses by the tube was compared with the mean dis. 
charge. This method gave 0.993. The mean of the two results, or 
unity, was adopted. 


2. EQUIVALENT SAND ROUGHNESS FOR SOME OF BAZIN’S 
CHANNELS 


The first group of data to be considered is from the experiments 
which Bazin made to determine the effect of roughness on the mean 
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Figure 5.—Descriptive diagrams of Bazin’s channels. 


velocity of flow. The experiments were made in rectangular chan- 
nels, all of practically the same width. The types of rough surfaces, 
which were the same for the bottom and the vertical walls in each 
individual case, are listed in table 2, together with pertinent expen 
mental data. Also see figure 5. 
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Data from Bazin’s tests on rough rectangular channels 


Hydraulic | Mean velocity, 
radius, R 7} 


Mini Maxi- 
im | mum 


| 7 | cm/sec 
ement- 0. 0049 81.2] 5 21. 2 101. ! 
Brick | . 0049 | 5. 86 2 &3 
Fine gravel ! . 0049 83. ¢ j 2) 65. 
Coarse gravel ? . 0049 } | 3 
Planks |} . 00824 


| 
{. 0015 
,. 0059 

i (. OO886 


|Planks with closely spaced 
| wood strips.’ 








; 1{. 0015 

lpPlanks with widely spaced f ; ‘ ~ 
wood s s.3 }}o vee 

| wood strips. . 00886 


n 1 to 2cm in diameter. 
af ie m 3 to 4em in diameter. 


To ascertain whether the mean velocity of flow in a channel of a 
civen er ee k is affected by the kinematic viscosity, it is sufficient 
to investigate the relation between the quantities (@/ia,—5.75 log R) 
and log (w/v). 

In order to compute the principal quantities involved in the com- 
parison, the following test data were taken from Bazin: The tempera- 
ture of the water, 0; the hydraulic radius, R, in centimeters; the mean 
velocity of flow, @, in centimeters per second; and the quantity A= 
Rij, whic h is a measure of the hydraulic resistance. As A is not a 
— ionless quantity, it was multiplied by g, the acceleration of 

ravity, to make it dimensionless. 

In a channel the mean shear velocity is given by 


diy, =-+ (Rig), (61) 


ti/ti,, =1/¥ (gA), and t, =a (gA 


The kinematic viscosity v follows from the temperature 8. 

The results of the computations are shown in figure 6, where 
i/i, —5.75 log R) is plotted as a function of log (a, Iv). 

[t is seen that in these tests the observed points for each channel 
can be represented by a straight line parallel to the axis of log (a, /v). 
Hence, the quantity (a/a,—5.75 log R) is a constant. Therefore, 


Fthe quantity (a@/a,—5.75 log R/k) is also a constant and thus is inde- 
pendent of ku, /v, where k would be the actual roughness heights of 


any of the roughnesses employed. Thus in these tests the channels, 
adading the channel with the cement w alls, were hydrodynamically 
rough 

At this point attention may be invited particularly to the two groups 
of tests which were made with the channels having wooden strips 
using three different slopes. It is seen that, in this specific manner of 
» senting and analyzing the experimental material, the data taken 

vith the different slopes are hardly differentiable from each other. 
li indquist [11] in considering the same data compared the mean flow 
in these channels on the basis of Reynolds number, Ri/v. But this 
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method of treatment did not yield a simple correlation of the resy 
The underlying difficulty now can be readily understood, since th, 
appropriate criterion of the hydraulic roughness is obtaine d by ei 
ka, /v and not Ri/v. The Blasius method of plotting the hydra - 
friction factor \ against Ri/» is satisfactory for rough pipes, as the 
relative roughness k/R remains the same for variable a. Inc peters 
on the other hand, a variable @ signifies a variable k/R. 
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The results shown in figure 6 indicate that the rational formulas fo — 
the mean flow which were assumed in the beginning are actually 
serviceable. To complete the examination it now remains to e »valuat 
the equivalent sand roughness for each channel, using eq 59. The 
different quantities which are necessary for the computations ar In 
given in table 3. The values of the quantities R/By and Y in table 3 Hon 4] 
are the averages from all the observations for a given channel. The HB belo; 
resulting equivalent sand roughness is given in the next to the last Bisider 
column. 10 en 


abou 
were 
three 


slope 
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Computation of equivalent sand roughness k, for rough rectangular 
channels listed in table 2 


(5.75 log ks==6.25—(a1/1,—5.75 log R)—=6.25—-Y,) 
Surface R/Bo , 3.95 ks 


cm 
Cement 0.080 | 16.92 . 67 | 185 0.014 | 1,080 
Brick | .084] 11.56 6. é —0. 92 . 118 135 
Fine gravel ! . 106 6. 37 ae 21} .952 20 
Coarse gravel ?__- . | .116 3 +2. 6 - Fe 2. 88 7 
| Planks-- ~--- | . 067 | 13. { 7. 32 -1.275 | 0.053 253 
| | 
| Planks with closely spaced wood | 
{ strips %. 


| 


090 | 


| Planks with widely spaced wood 
| strips. 





ivel from 1 to 2em in diameter. 

ravel from 3 to 4em in diameter. 

In this connection it is interesting to note that the equivalent sand 
roughness of the fine gravel, 1 to 2 ecm in diameter, is 0.95, and that 
of the coarse gravel, 3 to 4 cm in diameter, is 2.9 (table 3). The differ- 
ence between the equivalent sand roughness and the nominal size 
of the gravel is not very large. Bazin does not give the proportions 
of different sizes in his gravels. It is quite possible that the mean 
size of the gravel was close to 1 and 3 em, respectively, in which case 
the agreement between the equivalent sand roughness and the actual 
cravel size is good. If this was not the case, the difference may be 
the result of the way in which the individual particles of gravel were 
distributed, or of the depth to which they were embedded in the sup- 
porting cement. 

The analysis of Bazin’s experiments on the effect of the roughness 
of channels, therefore, leads to the formula 


= =6.25+5.75 log( =) (60) 
Ux ; 2, 


where k,, the equivalent sand roughness, has the numerical values 
given in table 3. 

Adopting this form of expression for the mean flow, Manning’s 
formula, which is used extensively in engineering work, may be changed 
so as to contain the equivalent sand roughness in the place of the 
ee n. The advantage of such a change will be discussed 
ater. 


3. SURFACES OF WOOD AS EXAMPLES OF WAVINESS 


In some of Bazin’s experiments the effect of kinematic viscosity 
on the mean velocity of flow can be seen. From the experiments 
belonging to this category (see table 4), let series 28 and 29 be con- 
sidered first. These tests were made in small rectangular channels 
10cm wide. The channels were prepared from four pieces of firwood, 
about 5 m long, hollowed out to a cross section of 10 by 10cm. They 
were assembled end to end, and in the entire length there were only 
‘iree Joints. ‘The surfaces were made as smooth as possible. The 
slopes used were 0.0047 and 0.0152. The data obtained from the 
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+] 


tests are shown in figure 7, in which @/d, is plotted against log (Ri ii, 


It appears that the experimental points can be represented with suff. 
This line has the same inclinatio, 


cient accuracy by a straight line. 
as the two straight lines in the upper part of the figure, which rep; 


sent the vari: ution of the mean velocity of flow with kinem: atic viscosity 
in smooth circular pipes and in smooth rectangular pipes of very 
The interpretation of this fact is that the polished 


great width. 


28 


SERIES SYMBOL WIDTH 


CM 
o 199 
Oo 198.3 
Oo 10 
a 10 











Figure 7.—Mean flow ratio ai/t, as a function of log (Rtiix/v) for small and large 
rectangular wood channels, illustrating characteristics of channels with wanj 
surfaces as compared with smooth pipes. 


Basic data from Bazin 


surface of firwood can not be considered as hydrodynamically smooth, 
since the indicated flow is less than that for a smooth surface. 
ever, it is of a type classified customarily as wavy, since the effect 
of viscosity is similar to that obtained with a smooth surface. ‘The 
formula for the flow as indicated by the line passing through the expel 
mental points is 
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Turbulent Flow in Open Channels 
wi cnr Ri, 
—==1.384+-5.75 log( —— ), 

* ae 


which is of the same form as eq 56 with a,= 


TaBLE 4.—Rectangular wood channels with wavy surfaces 


—— from — 


| Hydraulicradius,R | Meanvelocity,a | Te 
Slope, i if a eS aay ie | ‘em- 
; : Bo | pera 

| Minimum | Maximum | Minimum | Maximum | “7° 8 


cm . cm jsec cm/sec “¢ 
lished fir. 0.0047 | 10.0 | | 84 | 27.3 | 65.8} 10.0 
d cocwcnaca| 0163 | 100°) : 2. 25 108.6 | 10.0 
| | | 
Poplar planks......| .00208 | 199.0 | 7.35 | 28.09 | 63.5 | 158.7] 7.0 
G0. cccosusanca| sGere | 137 . 42 30. 42 54.8 | 142.0 14. 05 


A similar effect of the ‘Aeseanlie vise adie is abe: notice iin’ in the 
results of the tests made in the larger channels of wooden planks at 
the smaller slopes. The data, which were obtained from the experi- 
ments of series 6 and 9 (table 4), that is, from the series of the smaller 
slopes, are reproduced in figure 7. Again in this case the distribution 
of the experimental points can be represented by a straight line with 
the same inclinationjas that of the lines corresponding to smooth cir- 
cular pipes and smooth rectangular pipes of great width. In these 
tests with large wooden channels, then, the effect of kinematic vis- 
cosity is important when the slopes are ‘small. Thus for the smaller 
slopes the surfaces are to be reckoned as hydrodynamically wavy. 

Yet in the previous section a similar surface is interpreted as being 
hydrodynamically rough. The reason for this double designation of 
the same surface perhaps can be clarified if all the data for large rec- 

tangular wooden channels given in table 5 are considered as a whole. 
for this _purpose it is preferable to study the relation between 

ii, —5.75 log R) and log (a/v) as plotted in figure 8. Two straight 
lines are selected to represent the distribution of the experimental 
points, one horizontal and the other inclined. The horizontal! line is 
taken from figure 6 and applies to the tests of series 8; the inclined 
lineis taken from figure 7 and applies to the tests of series 6 and 9. 
The observed points, therefore, can be divided into two groups. In one 
group, all the points fall near the inclined line, which means that the 
sien: flows vary with viscosity. In the other group all the 
points fall near the horizont: ul line, which means that the associated 
fows do not depend on vise osity. The lines intersect at a point 
given by log (ii, |v) 2.9. To derive a critic al number representing 
this intersection, use may be made of the equivalent sand roughness 
already obtained for such wooden surfaces. See table 3. With 
k,=0.053 em, or log k;—=—1.275, the criterion that is sought for is log 
kth, / v)=1 625 or k si, /v=42.2. Accordingly the unplaned wooden 
surfaces of the larger channels behave as wavy surfaces, when 
ki, /v>=42.2. 

the mean velocity of flow for these channels with wavy surfaces, 
is derived from figure 7, is 


; 0+5 log (**). (63) 
v 


Uh 
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TABLE 5.—Data from Bazin’s tests on large rectangular wood chanr 
Hydraulic radius, R | Mean velocity, @ 
Width, ‘ ae eel) — 

} Bo 


: _ 
| 
Minimum | Maximum Minimum | Maximur 


cm | cm/sec. 

0. 00208 | . 35 28. 09 63.5 
0049 | 5.73 22.15 82.6 
. 00824 | : 19. 19 107. 4 
0015 | 3 8. 42 | 30. 42 54.8 


. 0059 a 5.2 20.91 | 91.0 | 
. 00839 a j 18. 94 108. 0 


SERIES SYMBOL SLOPE 
e .00208 
° 0049 
1] 00824 
Oo 0015 
A 0059 
4 00839 








28 239 


Uy 
log 2 


Fiagure 8.—Quantity (a/ad,—5.75 log R) as a function of log (tix/v) for larg 
tangular wood channels, illustrating transition from waviness to roughness 


Basic data from Bazin 


It is interesting to note that the value of the critical number giv 
above for the transition of the surface characteristic from waviness | 
roughness is somewhat less than the upper criterion which Nikurads 
found for his sand-covered surfaces, which was k,a, /v=67. 


4. EFFECT OF SHAPE OF CROSS SECTION ON MEAN VELOCITY 


Bazin was also interested in the possible effect of the shape of chuv- 
nels on the mean velocity of flow. The experiments to this end wer 
carried out in channels with wooden walls. In what follows on 

those experiments in which the wooden surfaces have shown them- 
selves to be hydrodynamically rough will be considered. These are 


listed in table 6. Also see figure 5. 
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Data from Bazin’s tests on wood channels of various shapes ! 


~, . 
Hydraulic ra- | Mean velocity, 


| 
dius, R a | 
' 3 y » j- 
Slope, i Width,|_ a ae __£| Tempera 
30 | = Rabo d | ture, @ 
|} Mini- | Maxi- | Mini- | Maxi- | 
; mum | mum | mum |} mum 


| 
; cm | em em cm/sec | cm/sec | 
0.00824 | 199.0; 4.47) 19.19] 107.4 | 261.4 | 
00839 | 198.2] 4.46 | 108.0 | 266.4 | 16 
| 0049 119.7 | 7.17 | 25.57] 102.6! 231.3] 
vezcidal I . 001 100.0 | 10.18 | 33.43 73.0 | 148.5 
vezoidal II F 9 | 94.5 7.85 | 25.51 109. 0 241.6 
5 a | 9.97 | 25.57 | 125.8} 236.3 
| | 
| 11.89] 365. 79.5 | 168.9 | 


emicircular - 0015 | 140.0 
1 | 


‘yom the test data of these series the quantity (a/a,—5.75 log R) 
vas computed for corresponding values of log (dy /v). The results 
ire plotted in figure 9. It is seen that (ii/thy — 5.7 75 log #) is practi- 
ally independent of log (é,/v), except possibly for the semicircular 

et The variation of (@/a,—5.75 log R) with log (a,/v) in the 
or the semicircular section need not be interpreted as being 
ecessarily due to the effects of kinematic viscosity. For, in the 
ice, if the correction term 2.5 B is introduced using the values 

1, the variation appears to be less pronounced; and in the 





> 2@ Ka 0 ew el 13.48 
oe) 7 ay yy * " 2 eebew P aoe ‘ 


——— SERIES SYMBOL SHAPE WIDTH 
cM 


RECTANGULAR 199 
RECTANGULAR 119.7 
TRAPEZOIDAL I 100 
TRAPEZOIDAL I 945 
TRIANGULAR - 
SEMICIRCULAR 140 


| | 


29 





us 
log =* 
URE 9.—Quantily (%/t,—5.75 log R) as a function log (ty/v) for rough wooden 
channels of various shapes. 


Basic data from Bazin. 


second place, the corrective term € u/d, which was dise ‘-arded in this 
scussion, is ‘perhaps important in the case of the semicircular channel. 
wT able 7 has been prepared to show the effect of the shape of a 
tunnel on the mean velocity in these tests. The values given are 
ue averages from the experiments of each series. In considering 
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these average values it is seen that the quantity (u/ths -5.75 log RP 
varies but little in the channels of different shapes. If it is permisgj} 
to assume that the wooden material in every channel had the Same 
equivalent sand roughness k,, then the conclusion to be age 
that the mean ve locity of flow is practically independent of the sha 
of the channel; that is, in two channels of different sh apes but of thy 
same slope, the mean veloci ity of flow will be the same if the hydrayjj 
radii are equal. , 


TABLE 7.—Mean velocity of flow in wood channels of various sha; 


[Values of Y=(t/a,—5.75 log FR) for the channels listed in table 6.] 


Rectangular 
S| 


ARUN a tiiaiid aioe 


Trapezoidal L 
Trapezoidal II 
Triangular- -- 


.| Semicircular 


This conclusion will be in agreement with the theoretical formula 
tion of the rational formulas for the mean velocity, provided that j 
these formulas the term € w@/%,, expressing the effect of the sec ondary 
currents and of the free sui face, is elther negligible or is practicall y 
a constant for the shapes considered. Whether € @/d, is negligibl 
or a constant can be ascertained with certitude only from experiments 
where the surfaces of the walls have known hydrodynamic character- 


istics; that is, when a, is known previously. ie 
5. DISTRIBUTION OF VELOCITY IN ROUGH CHANNELS 1 
It was seen that the mean velocity of flow in the rough channels un 
examined by Bazin is given with sufficient accuracy by the rational in 
formula proposed. The reason for this must lie primarily in th . 
assumption which is made regarding the distribution of velocit) 
Fortunately, Bazin also made measurements of velocity distribution 
The velocity measurements which were made in large rectangular 
channels and at high velocities will be considered here. These ar 
listed in table 8. 
wg _ locity traverses best suited for examination are the following val 
two: (1) A vertical traverse at the midchannel for the velocities inf °™ 
the aiamer of the channel bottom; (2) a horizontal traverse MH ha 
about 3 to 5 cm below the water surface for the velocities in the neigh- JR the 
borhood of the vertical walls. The examination that is desired the 
consists in seeing how accurately the relation "6 
the 


which is the assumed relation for rough surfaces, is confirmed. Here 
is the velocity at a distance y from the nearest point on the wall at 
which u, is the shear velocity. 
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} ni 
Keulegan; 


TaBLE 8.— Distribution of shear at the bottom of rough rectangular channels. 


S=distance from nearest corner. 
h=depth of water. 
Bo=width of channel. 


Series 55, cement Series 56, fine Series 57, coarse 
gravel. gravel. 
h/ Bo=0. 15 h/ Bo=0. 28 | h/ Be=0. 21 
t/t, = 24. 4 i/it,=14.7 @/i,=11.5 


eries 59, plank. || Series 61, 
‘h Bo=0. 13 | H/Bo=( 
a/ui,=21.4 i] aji, 





2S/B 


paced strips 
paced strips 


Bazin gives the ratio u/ia of the velocity at a point to the mean 
velocity in the channel for points in a horizontal section and in the 
midvertical section of the channel. An auxiliary computation is 
required to obtain the local shear velocity uv, which enters in eq 23. 
This may be obtained if the distribution of the shear velocity, that is 
the ratio u,/a,, along the wall is known. The formula for this dis- 
tribution is obtained by dividing each side of eq 23 by the quantity 
uji) (a/a,) which gives 


diy __8.5+-5.75 log (y/ks) (64) 
Ux (u/a) (a/a,) 


By means of this relation the distribution of shear velocity in the 
various channels was determined. ‘The results are given in tables 8 
und 9. They show that the shear velocity, and therefore the shear, 
a minimum values at the corners. On the bottom of the  gomee 
the maximum shear occurs at the midpoint. On the vertical walls 
the maximum shear is found at a point slightly below the water sur- 
3, and its value is considerably less than the maximum shear on 
the bottom. 





6) 
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TABLE 9.—Distribution of shear at the sides of rough rectangular cha) 
S =distance from bottom corner 


h =depth of water 
Bo= width of channel 


h 


a/i 


wit, Hecie 
| 


ti/ti, = 24.4 | 


* Widely spaced strips. 
» Closely spaced strips. 


Now, the ratio u/u, may be computed from the product 
ulus = (u/a) (a, /us) (a/a,), 


where the first factor in the product is obtained directly from Bazin’s 
data, the second from eq 64, and the third from Bazin’s data using 
eq 61. The values of u/u, thus obtained for various channels are 
plotted as ordinates against the quantity log (y/k;) as abscissas in 
figures 10 and 11. The distribution of the points, both for the hom- 
zontal and the vertical velocity traverses, is given quite satisfactorily 
by the straight line representing eq 23. 


6. MAXIMUM VELOCITY IN ROUGH RECTANGULAR CHANNELS 


Bazin observed that, when the width of a channel is about five 
times or more the depth of water, the velocity distribution in the 
middle vertical is the same as in the verticals of a channel of infinite 
width. From measurements at the middle verticals in eight different 
channels he derived the velocity formula for wide channels in the 


form 
Umax —U 2 \?2 
—— -20( =) 
V (hi) h , 


where wu is the velocity at a point distant 2 from the surface of th 
water and his the depth. Introducing the shear velocity u, = (lg). 
this law ean be expressed in dimensionless form as 


\2 


Umax U__¢ 3( 5 ) 
an ee 0 > ’ 
Uy, Uy h, 


\ 
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1+ ean be shown, however, that this is an approximation to the 


equation 


Umax U ~ h st 
—=s 9.10 102 ] , (67) 


Uy. "2 


SERIES SYMBOL SURFACE 
CEMENT 
FINE GRAVEL 
COARSE GRAVEL 
PLANKS 
PLANKS ~ CLOSELY SPACED STRIPS 
PLANKS - WIDELY SPACED STRIPS 





loq 1 
og Ks 
10.—Velocity distribution for a vertical traverse at the center line of rough 
rectangular channels. 


The straight line represents eq 23. Basic data from Bazin. 


which is deduced from the Karman velocity law and is usually referred 
to as the velocity deficiency equation for the turbulent core. On the 
sis of eq 65, Bazin obtained the relation between the mean velocity 
and the maximum velocity in very wide channels in the form 


20 ri Bey + % 
Umax — U =F (hi), OF Umar— U=2.13 Uy. (68) 


In channels of finite width, on the other hand, the difference between 
the maximum and the mean velocity is larger, and for such cases 
Bazin gives on empirical grounds the relation 


Umax — U= 14 V (ht). (69) 
After introducing the shear velocity, eq 69 becomes 


Umax — U=4.5Uy. 
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Evidently, this formula for channels of finite width lacks generalit, 
in that it does not contain the width of channel. To correc: thjx 
defect the following procedure may be used if we assume that the 
maximum velocity occurs at the surface. First, 1t is necessary to find 
a relation between ymax, the maximum shear velocity at the midpoint 
of the channel, and the mean shear. By definition 


u *max 


——==1-++¢, 
Us, 


SERIES SYMBOL SURFACE 
55 CEMENT 
56 FINE GRAVEL 
57 COARSE GRAVEL 
59 PLANKS 
61 PLANKS - CLOSELY’SPACED STRIPS 
65 PLANKS ~ WIDELY SPACED STRIPS 








6 20 
log 


Figure 11.—Velocity distribution for a horizontal traverse slightly below the water 
surface in rough rectangular channels. 


The straight line represents eq 23. Basic data from Bazin. 


where a is a function of the depth of the water, the size and roughness 
of the channel, and the velocity. It will be supposed that for small 
values of h/By, where h is the depth and B, is the bottom width, 


h tix 
o=Aap =’ 
"Bot 


where a is a constant which may be determined by using some of the 
results of Bazin. The data to be considered are given in table 8, and 
also in table 10, together with the value of a, computed on the basis 
of eq 72. It is seen that a, for different channels varies between 8.2 





wit 
lt 
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and 13.2. The mean of all the determinations, 11, is perhaps a good 
value to adopt, since o is a small quantity. 
The velocity law given by eq 23 and the resistance law given by eq 
60 lead to 
ie U a h _— 
met —— =2,25+5.75 log (3 : 73) 


Usmax the 


As h/R=1+-(2h/B,), the logarithmic term in eq 73 can be expressed 
in the series form. Neglecting powers of h/B, higher than the second, 
eq 73 now becomes 


= 2 
ue. a h 
be ) 


faa As 


or from eq 71 


Umax— U_ 99ORIF h aan z) roe eee 2 
le | 2.25 Pog ~Me Prete 


Inroducing o from eq 72, 


max U - i 1 fy h 
~~ — 2.25 I + OR aS: ig C (z) | ’ 


where 


This is a formula which gives the relation of the mean velocity to the 
maximum velocity in rough rectangular channels where the ratio of 
the depth of water to the width of channel does not exceed 1:5. 


TABLE 10.—Computation of the constant a 





Sant | tymax/t,= 
Serie * 3 
eries ite h/Bo 








IV. MANNING’S FORMULA FOR ROUGH CHANNELS— 
POWER—LAW FORMULAS 


Manning’s formula for mean velocity of flow in rough channels is 
widely used in engineering practice, mainly because of its simple form. 
t will be of considerable interest, therefore, to examine this formula 

107462—38——3 
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in the light of the formulas which have been deduced in this pape 
The formula as ordinarily written is 


Bu i. eT 4 (Ri), 


where @ and # are expressed in terms of feet and seconds. Intro 
the acceleration of gravity, g=32.2 ft/sec’, the formula becomes 


_0.263R' 
7 i] 


J (R iq) ’ 


or, in the notation of this paper, 


ua _0.2 0.263 pis 


ly n 


The quantity n is generally called ‘“Manning’s n,” and is 
preted as a measure of roughness. Obviously, if the formula is | 
dimensionally complete, the factor 0.263/n must have the dimen: 
[L]-’”. A dimensionless formula resuits when the equivalent 
roughness k, is introduced as follows: 


~=O(R/k,)""*, 


where 
0.263 
C= 263k," -y tides ft), 


7 


0.00863k,}/ 
C= —eeete—, (kin em). 


Eq 77 is then a power law for the mean velocity of flow in the form 


z~d;. ey 


Lindquist [12] has determined the value of m, using the KArman forn 
of the law of resistance for sand-coated pipes and finds that 1/6 is 3 
satisfactory value. A proper value of Cmay be obtained by a similar 
comparison. From eq 60 and 77, 


>\, 1/6 
Ag) = =6.25+ 5.75 log log (z) 


Assigning to R/k, the successive values 500, 250, 120, 60, 30 and 
the corresponding values of C are found to be 7.72, 7.98, 8.20, 8.32, 
8.36, and 8.30. Adopting for C the mean value 8.12, the dimensio 
form of Manning’s formula will be 


1} 1/6 
—=§.12 (75) 


tix 





Turbulent Flow in Open Channels 739 


elation between the equivalent sand roughness and Manning’s n, 
i to eq 79, now is 
n=0.00106k,', (81) 


ere i, is expressed in centimeters. This last equation, however, is 

suitable for determining the equivalent sand roughness k, when 
‘ing’s n for a channel is known. 

b vanes of the exponent m of the power law formula is related to 

chness factor (R/k,). This is readily seen from a study of the 

ity distribution for flows near rough surfaces. The velocities for 

lly , developed turbulence with sand-coated surfaces are shown in 

ve 12, where log (u/u,) is plotted against log (y/k,) in accordance 


99 


eq 23. The line thus obtained is decided| ily curved, indicating 





12 16 
y 
log kK 
Figure 12.—Log (u/ux) as a function of log (y/k.) for rough channels. 
curve represents the rational formula given by eq 23. The line 1-1 represents the power-law for- 


ith exponent n=1/6, which is equivalent to Manning’s formula. The line 2-2 represents the 
power-law formula with exponent n=1/7. 


that the value of m in a power law formula depends on R/k,. If then 

itis desired to arrive at a mean flow formula of the power law type, it 

is necessary to select a straight line which will approximate the curve 

3 23 for large values of y/k,. A practical range of R/k, is from 

15 to R/k,=500. With this range in mind, two straight lines 

‘drawn in figure 12 as fairly good approximations to actual observa- 
The line 1-1 represents the velocity distribution 


uu wu y (2) " 
Ux Us, k 


e/ 





740 Journal of Research of the National Bureau of Standards va, 


corresponding to eq 80. The line 2-2 which conforms to the relatioy 


e y \¥ 
= =102(2) 
* k, 


is especially useful for reasons that will now be explained. 

It was mentioned earlier in the paper that the velocity distribution 
near a rough surface consisting of imbedded sand grains is identiec,| 
with that near a smooth surface when the velocity of flow i is sufficiently 
small. It is to be expected that this will be true also for roughnesses 
represented by cement either plain or mixed with sand, by brick, and 
by ashlar masonry. The departure from smoothness begins when 
ly k,/v reaches the value 3 .3, according to figure 3. This number, which 
is of considerable interest, may be referred to as the criterion of smooth. 
ness. It is seen from firure 3 that the criterion is given by the inter. 
section of two lines, one representing the velocity distribution law for 
smooth pipes, and the other the corresponding law for rough pipes. 
This is an important result which must be involved also in the power 
law formulas of velocity distribution for smooth and for rough surfaces, 
The appropriate law for the smooth surface results from the Blasius 
law of resistance, [13] which, in the notation of this paper, is 


U_—6.99( OM \i7 
Ux Vv 


This form implies the velocity distribution 


U U yu 
— =— =8.62 Ys 1/7, (82 
Ux Ux Vv 


As the exponents of y in eq 82 and 83 have the same value, the desired 
criterion of smoothness can be obtained by equating to each other the 
right-hand members of these two equations. Then the elimination of 


y gives i 
(Aa) 1 18, or 
Vv , 


k tly — &@ 
(Tie ) 3.26, . * 
\ v 5 


which is in good agreement with the value 3.3 obtained from figure 3. It 

It is now clear that the power law with exponent m=1/7 is sufi- & 
ciently accurate when Ra,/v or R/k,, is large, and the law w ith exponent 
m=1/6 when Ri, /v or R/k, is small. The formulas of the logarithmic 
type are free from this restriction. As a matter of possible interest, Re {1: 
the results of Bazin’s experiments on mean flow in channels will be & 
given also in the form of power laws 

In rough channels the mean flow is eihaae by 


2 9.1(B)n, or @=s.1(#)™ 


The formula holds - concrete, brick, and gravel when k,i,/»>3:.: 
and ed planed wood when k,tiy |v >4 2.2. Some values of k, are given 
in table 3 
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In smooth channels, or in rough channels with k,a,/v 


U R 
aT 6(- ss ae a, 
Ux 


In wooden channels with ee surfaces 


a sail 9( 2+), 


In channels of planed wood, — ke tig /v<42.2, 


Ri 
=5.2( ae a, (87) 


The numerical coefficients ne these formulas result from the rational 
formula once the exponent m=1/7 is selected. 


The author acknowledges gratefully the numerous suggestions and 
extensive editorial assistance in the preparation of this paper furnished 
by K. Hilding Beij of the Bureau’s staff, and also helpful criticisms by 
Herbert N. Eaton. 
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OBSERVATIONS ON CRYSTALLINE SILICA IN CERTAIN 
DEVITRIFIED GLASSES 


By Arthur Q. Tool and Herbert Insley 


ABSTRACT 


‘amples of a borosilicate glass having a relatively high silica content were 

.d at temperatures in the range between 625° and 950° C by heat treat- 

s of various durations. The crystals in these samples, and in certain other 

1 siliceous materials, were studied by examining their form and general 

ince and by comparing the characteristics of their endothermic and exo- 

iiec effects which develop in heating and cooling curves, respectively, as a 

of “rapid” inversions. In general agreement with the experience of other 

igators, it was found that the devitrification developed approximately as 

Heat treatments at points above 700° C caused cristobalite to appear 

hin a month or less and in considerable quantities. Increasing the duration 

reatment caused this material to disappear while tridymite developed coin- 

lly at a fairly rapid rate. When the duration of a treatment approached 

ths at temperatures near 800° but below 870° C, quartz in turn almost 

etely displaced the tridymite. 

results indicate that ultimately wedge-shaped twins always displace the 

ier formed plates as the tridymite development is advanced by increasing the 

ration of treatment at any reasonable temperature below a point which may 

atly exceed 1,000° C, and that coincidentally the inversion effects are shifted 

he 150° to the 100° C range. The fact that the crystalline plates and 

illy all inversion effects at temperatures above the lower range were made 

ppear almost completely by imposing relatively long heat treatments 

ts the possibility that each of the two recognized inversion ranges of tridy- 

longs to one of two low-temperature tridymite types, each of which pos- 

but one inversion range. It would also seem that the type inverting in the 
range was the stable form from 870° C to well above 1,000° C at least. 
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I. INTRODUCTION 


Many glasses when heated in certain temperature ranges for any 
considerable time will show some evidences of devitrification, althoug) 
the extent and nature of the crystal development and the tempera- 
tures at which the rate of this development is highest may vary 
greatly with the composition. If the ‘‘devitrification range”’ of a glass 
is defined as the temperature range within which noticeable evidences 
of devitrification develop during heat treatments of appropriate 
duration, this range will usually “be found to lie entirely above the 
normal annealing range. That is, most of the glasses in common use 
devitrify very slowly or not at all during ordinary annealing tre 
ments, and their devitrification proceeds at an appreciable rate only 
when the viscous deform: ability exceeds that required for such treat- 
ments. In other words, lowering the temperature into or below the 
annealing range so reduces the mobility of the glass that a sort of 
physical “sts ability is imposed upon the more or less accidental molec 
ular space pattern which developed during the melting process. 

In order to gain certain desirable changes i in the properties of glass 
it is occasionally necessary to depart from those compositions y fine 
this stabuity which prevents a massing of any of the constituents into 
possible crystal formations. Such departures may not only affect 
the rate of devitrification and its ultimate extent but may also change 
very greatly the breadth and position of the devitrification range 
The composition is naturally the chief factor in determining the type 
of crystals developed, but often the treating temperature and the 
duration of the treatment are additional factors. 

Certain borosilicate glasses present examples of this use of compos- 
tions which result in very desirable properties at the expense of 
stability; and some of these glasses devitrify rather extensively when 
heated for moderately a periods at any temperature in a rather wide 
range above 600° C. nperature not only determines the necessary 
duration of a lle aayeiead to produce obvious devitrification in 
a given glass, but it also limits the ultimate extent of the devitrification, 
and together with the duration of a treatment it often determines the 
type of crystals found in a devitrified material. For example, trea 
ments lasting several days at 700° C will in many cases develop 
cristobalite as practically the only crystalline product in these glasses, 
while an equal period at 800° C will yield tridymite as the chiel 
product. Actually cristobalite appears first in both cases, and if t 
treatments are prolonged sufficiently at these temperatures, quar ‘tz 
ultimately appears and becomes practically the only form present. 
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ll. OBSERVATIONS ON THE GENERAL EFFECTS OF 
DEVITRIFICATION IN CERTAIN BOROSILICATE 
GLASSES 


This paper ! deals chiefly with results obtained by the devitrification 
f certain specimens of borosilicate glasses at temperatures between 
650° and 950° C. ‘The first visual evidences of devitrification in many 
of the samples were very fine surface cracks, which probably developed 
during the period of cooling from the treating to the observing tem- 
perature. ‘The best examples of such surface cracks appeared in the 
polished surfaces of some samples that were being intermittently 
treated for a total duration of several days near 700° C in the course 
of some experiments designed to demonstrate that the refractive index 
and density reach stable values after not more than a few hours’ 
treatment. The surface effects did not appear until long after the 
desired stability was reached, but extending the treatments beyond 
3 or 4 days often developed them rapidly without causing detectable 
changes in the properties being studied. At this stage the glass was 
soon encased in a thin translucent film which usually could be ground 
and polished away leaving apparently only clear undeteriorated glass. 
Occasionally, however, in some of the more inhomogeneous samples 
certain cords developed a cloudiness throughout their extent during 
these treatments; and the surface deterioration often appeared first at 
the polished ends of some of these cords. 

In samples such as rods made by the gathering process, these non- 
uniformities in the deterioration rate at different points were especially 
noticeable. That is, the devitrification often developed more rapidly 
and to a greater extent in one or two than in the rest of the concentric 
‘ylindrical shells that are often apparent in glass rods. Probably 
because of the occasional coolings required for close observation and 
test, these shells sometimes separated during a series of treatments at 
temperatures near and below 700° C. ‘These separations usually 
occurred early in such a series and before any visible evidence of de- 
vitrification developed. Their detection occurred only after the sam- 
ples were immersed in oil and then reheated. This caused the shells 
to be outlined by very thin carbon films or mirrors within the body of 
the rod. Later it was noted that in other rods, apparently similar 
inner shells often were outlined by films of crystals which developed 
rapidly and were among the first to appear. On some occasions these 
films even preceded those developing on the outer surface. Ultimately 
the devitrification spread throughout the mass of the glass, but these 
observations indicate that the distribution of the crystals probably 
never became uniform. Moreover, it is apparent that the rates of 
development of the various crystalline phases at any efficacious treat- 
ing temperature were not likely to be the same in all parts of the glass 
at any time. Consequently, well-developed quartz crystals might 
f olten appear in certain shelis while cristobalite was still predominant 
; In Others. 


lhe greater part of the results presented here were included in an informal progress report entitled 


Some Observations on a Devitrified Glass,” which was read at the Washington meeting of the American 
Veramic Society on February 9, 1932. 
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Numerous preliminary tests showed that the devitrification of syo| 
glass rods developed much more rapidly at 800° C than at 700° 
After 3 days a rod would often be encased in a dense white crystal-ric! 
shell approximately 0.5 mm thick. At this time some of the inn 
shells might remain practically clear, while others would be highly 
devitrified. When rods in this condition were cooled, the outer she 
broke away from the remainder of the glass as 200° C was approached 
This happened because of the relatively large contraction of cristo. 
balite at 1ts inversion point. A treatment of 14 days entirely devitri- 
fied such rods and the cristobalite was to a great extent transformed 
into tridymite. Cooling the samples under these conditions caused 
no breaking up of the glass, and its hardness and density seemed to be 
greater than originally. In one case, for example, the density of the 
original glass was 2.2407 and after 2 weeks of treatment it was 2.2684. 
Regardless of the possible density changes occurring at the treating 
temperature because of devitrification, the change ? noted here shoul, 
be attributed chiefly to the difference betw een the expansivity coefli- 
cients of the residual and original glasses and to the contraction of the 
tridymite at its inversion points. 


III. TREATMENT AND TESTING OF GLASS 


The samples used in the major portion of the tests described in 
section IV were cut from a glass rod * (approximately 1 cm in diam- 
eter) that was procured from the general glass supply of the National 
Bureau of Standards. Placed in a platinum boat, these samples were 
treated in an electric furnace, the treating temperatures in which were 
maintained within 10° C of the desired point. Extended treatments 
at temperatures above 700° C caused the glass to adhere more or les 
to the container, and above 800°C. considerable deformation deve lop red, 

The devitrification changes in the samples were followed closely by 
making frequent heating and cooling curve tests, and also by exam- 
nation with a petrographic microscope. Occasionally X-ray patterns 
were procured and in certain cases expansivity measurements ‘ were 
included in the tests. In the heating and cooling curve tests, tle 
heating rate was usually somewhat in excess of 3° C per minute 
throughout the test range, but the cooling rate dropped from about 
5° at 500° C to about 1° per minute at 90° C. The test samp 
reduced to small granules by cracking, weighed 1.5 g and the neuti 
body required in differential py rometry consisted of granular Al,0;. 
The difference in temperature between neutral body and sample and 
the temperature of the latter were determined at intervals ranging, 
respectively, from % to 2 minutes and from 5 to 10 minutes by thi 
usual combined differential and simple thermocouple system in whici 
one wire was platinum and the other two were 90 Pt-10 Rh. Th 
differences in temperature were indicated by galvanometer deflections 
A 1° difference at 500° C corresponded to a double deflection of about 
46 mm. A potentiometer was used in determining the sample ten- 
perature. 

* This density increase at room temperature caused by devitrification is somewhat larger than th 
lated density change that (as shown in a previous paper, Trans. Soc. Glass Tech. 9, 185 (1925)) can be pr 
duced in undevitrified glasses of the same type by reducing the annealing temperature from 700° to 45 
and that can be reversed by reannealing at 700° C. 

3 According to an analysis made by the Chemistry Division of thi s Bureau, : he percentage 
constituents of this Pyrex glass were: SiOg, 80.6; BsOs, 11.9; AlgOs, 2.2; NagO, 3.9; and K30, 0.07 


* Expansion effects on the inversion of silica crystals in certain devitrified glasse BA. é. Tool and J. B. Saur 
J. Research NBS 21, 773 (1938) RP1153. 
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IV. EXPERIMENTAL RESULTS 
SAMPLE 1 


This s sample was treated for 25 days at 725° C. Contrary to earlier 
jences described in the preceding section, the resulting devitrifi- 
sie was reasonably uniform throughout the glass. The treatment 
‘aused some deformation and the two pieces of rod comprising the 
sample adhered strongly at their points of contact. During the cooling 
after removal from the furnace the sample broke into several large 
pieces as it passed through the range of the high-low inversion of 
stobs lite. 
all of the observed heat effects which could be ascribed to crystalline 
inversions in this sample fell in the temperature range (80° to 300° C) 
covert ed by the heating and cooling curves represented in figure 1. 
irves A (heating) and A’ (cooling) were obtained on the glass 
evious to any heat treatment. Neglecting the depression ® just 
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: 1.—Curves showing inversion effects 
lymite and cristobalite in adevitrified 


s A and A’ are the heating and cooling curves 
1 before cevitri fication. Curves B and B’ 
e corresponding curves obtained after devitri- 
). Curves were obtained by differential thermo- 
method. On the average, observations were 
iken at intervals of 2° C or less. All observations 
covered by the breadth of the curves in this and 
lowing graphs with the exception of figure 5 
ere the individual points are shown. In figures 
1 2 the heating curves for the undevitrified and 
ilarly for the devitrified glass are greatly dis- 
in therange just above 100° C by an endother- 
ffect which is supposedly caused by the vapori- 
f moisture from the surfaces of the glass dust 
which remained after the samples were 

iand sifted for test. 


TEMP. DIFF. B’TW'N GLASS & NEUT. BODY 
APPROX. 0.13°C PER DIV. 
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e 100° C in A, they show no inversion or other heat effects. In 
the heating curve B, obtained on the devitrified glass, the depression 
is so unusually deep that a large part of it must be ascribed to endo- 
thermie effects resulting from crystalline inversions. The three 

ima falling near 120°, 160°, and 210° C indicate that a large por- 


pression is unimportant in this connection because it is presumably a moisture effect and is 

ly observed in the first heating curve of any granular sample of undevitrified glass from which the 

ust formed by crushing has not been carefully sifted out. The similar endothermic effect in curve B 

: greater magnitude, which seems excessive even after a reasonable allowance is made for the 
robable o contelbanion from a low-high inversion of the tridymite present. Probably the combined effect 
was excessive because the partial crystallization of the silica had so increased the alkali content of the re- 

lual glass that its dust absorbed more moisture than did that of the original glass. Whenever a crushed 

nf eof the glass was re-treated at high temperatures the supposed moisture effects were markedly dimin- 

1 th é later tests. This reduction may have been caused by a decrease in the free dust after the 
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tion of the depression was the result of three inversions. The coli ine 
curve B’ shows three corresponding exothermic effects; but becaus 
of the test conditions and the nature of such inversions, ‘the t ieeitne. 
tures determined by the maxima in B’ are somewhat lower than those 
determined by the minima in B. 

The low-high inversions causing the minima near 120° and 160° ¢ 
may be ascribed to tridymite, while the inversion causing a minimum 
near 210° C indicates the presence of a considerable quantity of 
cristobalite. It may seem that the cristobalite inversion should haye 
been expected near this temperature because of the relatively low 
developing temperature.® 

The heating curves for both the undevitrified glass’ (curve A) and 
the devitrified sample (curve B) are extended in figure 2 to tempera- 
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FIGURE 2.—Heating curves extended into the softening range of the glasses. 





Curve A is the same as that in figure 1. The curves designated by B in the two figures were not ol 
on the same portion of sample 1. This extension of the curves shows that devitrification shifts the 
endothermic effect of the glass 1 a lower-temperature range and that no appreciable quartz-inversic ect 
appeared in the testsofsample1. Asin figure 1, the ordinates were adjusted for temperatures near 300° 
The deviation at lower temperatures is indicated approximately in figure 8. 


tures well above 573° C, which is the approximate inversion point 
of quartz.’ Evidently the heat treatment imposed on_ this 
sample developed no appreciable quantity of quartz, since there is no 
evidence in either curve of a thermal effect corresponding to an inver- 
sion of this material. Both curves, however, do show the presence of 
endothermic effects in relatively high temperature ranges, and in the 
case of the undevitrified glass the range includes the quartz inversion 
point. These are the normal effects always found in temperatur 
ranges just below those of softening whenever glasses are subjected to 
heating-curve tests. 

Because of the silica depletion suffered by the glass phase from 
devitrification, the temperature range of this glass-effect in B is 
lowered considerably with respect to that in A. Judging from the 
beginning temperatures of the effects, this lowering amounts to 
approximately 60° C (approximately from 530° to 470° C), but the 
actual lowering is even greater because (as should be expected) the 
width of the range was materially reduced by the devitrification. The 
lowering of the range of the endothermic effect indicates an approxi- 
mately equivalent lowering of the softening range, while the reduction 
in its width indicates a material increase in the rate of softening with 


6 Fenner, Am. J. Sci. 36, 331 (1913), procured data which indicate that the low-high inversion point of this 
material decreases from 277° to 220° C as the developing temperature is reduced from 1,600° to 1,025° ‘ 
approximately. 

’ Heating curves extending to still higher temperatures have been obtained on similar glasses and were 
presented in a previous publication (J. Am. Ceram. Soc. 8, 1 1925’’). 

§ Bates and Phelps. Phys. Rev. [2] 18, 115 (1921). 
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temperature. ‘These results explain the unexpectedly large deforma- 
tion sometimes obtained by devitrification treatments. They also 
aeree with the common experience that devitrifiable glass tubes or 
bulbs subjected to continued heating at temperatures approaching 
their softening ranges ultimately lose their normal ability to withstand 
pressure at those points where devitrification develops. 

To the unaided eye this devitrified sample had a uniform milky 
appearance throughout the body of the glass, except that one cylindri- 
cal layer parallel to the axis of the rod was much more opaque than the 
remainder of the glass. This condition suggested not on a greater 
but also a more advanced degree of crystalline development in this 
layer. By microscopic examinations of powdered samples and of a 
thin section cut normal to the axis of the rod so that a ring of the more 
highly devitrified layer was included, tridymite occurring usually as 
plates, but sometimes as wedge-shaped twins, was readily identified in 
all parts of the sample. Because of the small size of these crystals 
and the presence of the enveloping glass their index of refraction could 
not be determined with precision, but it was near that given in the 
literature for tridymite. In the main body of the glass, cristobalite 
appeared to be predominant although it was identified with difficulty. 
It was found on examining the material with an oil-immersion objec- 
tive that cristobalite occurred as very minute rounded pellets or as 
short rods in which no double refraction could be observed, and that 
its index of refraction was near the accepted value for cristobalite. In 
the layer showing the greatest devitrification, tridymite, associated 
with a few quartz crystals, was the major product. Some of these 
quartz crystals reached a length of 10 microns, their pyramidal faces 
were well developed, and the prismatic faces, although not so large, 
were also present. 

An X-ray diffraction pattern obtained from a powdered sample 
contained faint lines of both cristobalite and tridymite. Those of the 
former were more intense, and this indicated a possible predominance 
of this form. None of the characteristic quartz lines could be de- 
tected, presumably because the amount of this material in the sample 
was very small, 

SAMPLE 2 


This sample of the glass rod was treated twice at 675° C, once for 
18 days and again for 19 days. After the first treatment a marked 
devitrification such as developed in the first sample had appeared only 
in the outer shell to a depth of possibly 1 mm. This shell in peeling 
while cooling naturally caused the whole sample to shatter. The heat 
effects near 200° C in the heating and cooling curves obtained on this 
shell were very large and sharp with respective minima and maxima 
at 214° and 199° C. There were no indications of heat effects at lower 
temperatures. 

After the second treatment, during which the shell and relatively 
clear core were kept separate, both parts appeared from a visual exami- 
nation to have reached about the same stage of devitrification. The 
magnitude of the cristobalite heat effects by being almost equal for the 
two parts (although 25 percent smaller than that obtained on the shell 
after the first treatment) supported the visual observation. In the 
case of the core, the minimum and maximum of the effects were at 
218° and 201° C, respectively, and these values were duplicated 
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within one degree after 2 weeks on another part of the s a 

the cooling curve (curve 1, fig. 3) very slight indications of heat eff 
were detectable near 160° and 100°C. In the case of the shell, t 
minima and maxima were at 216° and 200° C, respectively, and they 
was some indication of a moderately large and emis boun d sub- 
ordinate member on the low-temperature side of the endothermic 
effect. A similar and less pronounced indication was noted in on! 
one of the heating curyes 
obtained on the core. 

By microscopic examina- 
tion after the second treat- 
ment, the core was found 
to contain (in addition to 
the residual glass) both 
cristobalite and _ tridymit, 
although the former was by 
far the more abund: int, 
Cristobalite occurred as long 
thread-like chains of minute 
beads with threads radiat- 
ing in many places from a 
common center. The dou- 
ble refraction of these crys- 
tals was extremely weak 
and their index of refr: 
was normal for cristob lite 
although determinations 
the usual precision 
impossible because the erys- 
tals were so small. ‘The 
tridymite occurred as plates 
which were clearly visible 
only when on edge. They 
had the index of refractio 
and other optical properties 
(dc vuble refraction and char- 
acter of elongation) of such 
tridymite crystals, and 
TEMPERATURE seemed to be concentrated 


Figure 3.—Cooling curves showing cristobalite = certain parts of the sam- 
and tridymite inversion effects. ple. No quartz could 

Curve 1 obtained on sample 2 after 37 days at 675° C. Large found. An X- Tay diffrac- 
cristobalite effect followed by very small tridymite effect. tion pattern showed clearly 

Ca ea pe one eaten ‘set defined —critobalite _ line 
C tlle Py definite eect nee eC aia acanea which were more intense 
galvanometer deflections. than those found in sample 
1. Besides these lines there 

were two extremely faint lines corresponding to the strongest lines 
in a pattern obtained on relatively pure tridymite. . 
The outside shell when examined microscopically after the second 
treatment was found to contain cristobalite, tridymite, and quartz. 
Cristobalite was the most abundant and occurred ‘either as fine fibers 
often radiating from centers or as short rods arranged along branc hing 
fibers. The shape of the rods could be distinguished only w with the oil- 
immersion objective, and while the index of refraction of the fibers 
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could not be determined accurately, it was 1.48 +0.01. Tridymite, 
present only in small amounts, was in the form of hexagonal plates. 
The quartz occurred as aggregates of interlocking grains. In an X-ray 
pattern (see fig. 4 (A)) the cristobalite lines were well developed and 
only slightly fainter than those obtained from the reference material 
(cristobalite obtained by heating quartz at 1,500° C). Only two ex- 
tremely faint lines corresponding to the strongest lines in the quartz 
patte rm were present. 

After these treatments and examinations, a portion of the core 
was further heat treated for 6 days at 800° C. The cooling curve 
then obtained (curve 2, fig. 3) indicated a very definite inversion 
effect with its peak or maximum at 95° C and its beginning at 108° C. 
The latter temperature was somewhat lower than that of the mini- 
mum of a relatively small and indefinite effect which appeared in the 
heating curve and may have been caused by moisture.® There was 
also an indication of a broad indefinite effect between 150° and 120° C 
in the cooling curve but no corresponding effect of even that weak 
character appeared in the heating curve. There was also no indi- 
cation of cristobalite effects in any of the heating or cooling curves 
nor was there any definite evidence of quartz-inversion effects. Ina 
superficial microscopic examination at this stage the tridymite crystals 

eared to be plates turned on edge, but a more careful examination 
with an oil-immersion objective (1. 9 mm) showed an abundance of 
wedge-shaped twins which may have been composed of parallel growths 
Skeleton twins and interpenetration twins were also common. 


SAMPLE 3 


A 33-day treatment at 625° C devitrified only a very thin outer 
layer of this sample of the rod, and the greater part of this layer 
cracked into small flakes during the cooling. These were easily peeled 
from the clear inner glass which was broken up by the bursting of 
the outer layer at 200° ©. Heating and cooling curves obtained on 
this outer shell indicated no inversion effects except those of cristo- 
b alite. The respective minimum and maximum of the low-high and 
high-low effects were at 207° and 194° C, which are 7° and 5° lower 
than the corresponding temperatures obtained on sample 2 after the 
first of the 675° C treatments. This again is a result that seems to 
agree with the usually reported experience that reducing the devitrify- 
ing temperature lowers the inversion temperature. A slight hump 
on the high-temperature side of the base of the principal effect (curve 
3, fig. 3) indicated the presence of a subordinate effect which in 
regard to temperature coincided rather more closely than its principal 
to the cristobalite effect shown in curve 1, figure 3. The smallness 
of this hump suggests that it was accidental, but its persistence in 
duplicate curves tended to remove this possibility. Moreover, such 
—_ ‘es of possible satellites were often noted in other samples 
see fig. 5) on one side or the other of both cristobalite and tridymite 
effects. In almost every case such evidences indicated two or more 


‘It was four id later that the definite endothermic effect which usually appears at, or near, 115° C and 

ponds to the exothermic effect occurring below 100° C often did not develop toa detectable m agnitude 

perature. Apparently this happened when the tridymite crystals were only partially trans- 

1 plates to wedge-shi iped twins. In fact, the magnitude of the exothermic effect appears under 

conditions to increase in a more or less erratic manner as the preheating temperature preceding cooling 

is increased. This suggests that the endothermic effect is distributed over a wide range of tempera- 

ire *h may reach almost 400° C as long as the transformation to wedge-shaped twins is in its initial 

om ¢ This occasional nonappearance of a clear-cut endothermic eflect in a restricted range just above 
°C is likely to be overlooked in the presence of the moisture-dust effect. 
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effects which were separated by intervals of several degrees. Pos. 
sibly this separation may be explained by a difference in the de Vitrifi- 
cation development in different portions of the sample. At times jt 
also appeared that increasing the period of treatment erased a sate ite 
on the high- -temperature side, and at others that it shifted a majo 
effect into the approximate position previously occupied by a sate] 
Such shifts were usually toward lower temperatures. 

When a portion of the shell was examined microscopically under 
the highest power available, minute branching fibers with an avera; Be 
width “of less than 1 micron could be distinguished. Their index of 
refraction could not be determined but they showed an extren rely 
weak double refraction and a positive elongation, both of which are 
properties of cristobalite. An X-ray pattern (fig. 4 (B)) gave faint 
but characteristic cristobalite lines. No other lines were present. 


SAMPLE 4 


This sample when cooled after a treatment of 11 days at 800° C 
did not disintegrate, presumably because the cristobalite was almost 
completely converted to tridymite. The heating curve had a large 
endothermic effect with a minimum at 152° C, but there were no 
significant indications of cristobalite effects. There was also strong 
evidence of an effect near 120° C, but a definite inversion tempera- 
ture was not indicated. The general appearance of the cooling 
curve indicated effects much like those shown in figure 6 for sample 
8 after a 12-day treatment. The main exothermic effect with a maxi- 
mum at 144° C was broad although quite pronounced. Its breadth 
was exaggerated by a small hump near 160° C. There was also a 
small and very definite effect with a maximum at 99° C. No indi- 
cation of quartz or cristobalite was detected. 

Only three phases (glass, tridymite, and quartz) were identified 
in this sample by the petrographic examination. Because of being 
mixed with so much tridymite the index of refraction of the glass 
could not be determined definitely. 

Tridymite plates were scattered throughout the sample and prob- 
ably constituted the most abundant crystalline phase. In general, 
the plates were small but were considerably larger than those in sam- 
ple 1 treated at 725° C. A layer of plates larger than the average 
occurred in a thin cylindrical coaxial layer having a radius which was 
about two-thirds that of the rod. The characteristics of the plat 
were negative elongation on upturned plates, low double refraction 
and refractive index slightly less than that of the surrounding glass. 
A reexamination of powdered and thin section specimens of this sam- 
ple showed a few forms like the skeleton and interpenetration twins 
found in sample 2. 

The quartz crystals occurred in two localities, on the surface of the 
rod, and in the cylindrical layer containing the larger tridymite plates. 
They were small (30 microns or less in the largest dimension) but 
larger than those in sample 1, and appeared microscopically as sIX- 
sided figures. The determined index agreed with that of quartz 
and the form was essentially that of a rhombohedron. 


10 Dana, System of Mineralogy, 184, figure 4. Sixth edition (1911). 
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SAMPLE 5 


This sample of the rod was treated 10 days at 750° C and on cooling 
broke up more completely near 200° C than sample 1. Moreover, 
the devitrification was concentrated to a somewhat greater extent 
near the outer surface. After separating the core from the thick and 
more densely devitrified shell as well as possible, heating and cooling 
curves were taken on them individually. For both portions these 
curves showed large definite inversion effects near 200° C, and much 
smaller ones near 150° C, while only the cooling curve indicated a 

ery slight effect near 100° C. The minima for the largest effect fell 

914° for both shell and core and the maxima fell, respectively, a 
sai? and 203° C. These temperatures agree reasonably well with 
those obtained for the same inversion in sample 2 after its first treat- 
ment at 675° C. The minima for the intermediate effect were at 
164° and 162° C and the maxima at 155° and 150° C, respectively, for 
core and shell. 

After these tests the two parts of the sample were subjected to a 
second treatment of 12 days at 750° C and retested. Neither the 
heating nor the cooling curves now gave any clear indication of the 
cristobalite effect near 200° C and in general, the results for the shell 
and core were almost identical. The cooling curves corresponded 


roughly to those obtained on sample 8 after 18 days of treatment at 


800° C (fig. 6), although the effect near 100° C for sample 5 was some- 
hat broader and consequently less definite. Furthermore, a com- 
parison of the magnitude of this effect with that of the effect near 
150° C in the two cases indicated that the low-temperature effect in 
simple 5 was relatively smaller than that in sample 8 after 18 days. 


This suggests that the devitrification of the latter sample was some- 
what further advanced than that of the former. For the shell the 
minimum and maximum were, respectively, at 154° and 145° C for 
the upper tridymite effect, and the maximum for the lower effect was 
at 96° C; for the core the corresponding temperatures were 152°, 144°, 
and 96° C. The minima for the lower effect (if such existed) were 
subme red to some extent by the moisture effect, although in these 
particular tests this spurious effect could not have been large. 

Finding from these tests that the two parts of the sample were in 
almost identical stages of devitrification, the core was again treated 
at 750° C for 10 days and the shell at 800° C for 6 days. In neither 
case did the heating and cooling tests indicate a definite effect near 
150° C, although there was a trace of a small broad effect between 
150° and 120° C in the cooling, and within a slightly higher range in 
the heating curves. Apparently the portion treated at the lower tem- 
perature now lagged somewhat in its stage of devitrification since it 
was noted that its tridymite effect (that obtained near 100° C by 
cooling) was broader and less pronounced than that of the portion 
i at 800° C. In the latter case the effect indicated a stage 
between that represented by curve 2, figure 3, and that by the curve 
for sample 8 after 30 days of li a at 800° C (fig. 6). The 
maxima for this effect now fell at 92° and 94° C, respectively, for 
shell and core. The tests were not carried into the quartz range. 


107462—38——-4 
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In comparing these samples under the microscope after the I 
treatment no perceptible difference was noted in the degree of cryst, 
line development. The material of the shell, for example, con: 
of tridymite, glass, and quartz. Quartz was present in small a: 
but the crysté als w ere fairly large (20 to 30 microns in length) ; 
well developed faces. The tridymite crystals generally appeat ir 
flat plates in random orientation, but these plates sometimes appe 
to be so joined as to form the semblance of wedge-shaped twins. 


SAMPLE 6 


This sample was treated six successive times at 900° C and was 
tested after each treatment. The treating periods totaled 1, 2, 4, 9. 
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Figure 5.—Cristobalite inversion effect with satellite. 


Cooling curve obtained on sample 6 after 1 day at 900° C. 


51, and 251 days for the respective tests in the series. Heating and 
cooling curves after the first day of treatment (when the cryst al con 

centration was much greater near the surface than in the core) showed id 
large inversion effects with corresponding minima and maxima %t 
201° and 192° C, respectively. No indications of other effects were 
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present except that the cooling curve definitely indices ated a satellite ! 
on the high-temperature side of the high-low inversion effect (fig. 5). 
The heating curves gave no evidence of a corresponding satellite, but 
this may be explained on the assumption that a large heat effect 
closely followed by a much smaller oné usually masks the latter com- 
pletely _ It will also be noted that the values obtained here for the 
tempers atures of the cristobalite effects are lower than those obtained 
on either sample 2 or 3. It seems unlikely that these differences in 
position are a matter of uncertainty in the determinations because 
all duplicate tests indicated that the maximum deviation should not 
exceed +2.0° C when the effects are (as they were in these cases) 
nearly the same in magnitude. Consequently, it no longer appears 
that increasing the developing temperature in this range (below 
190° C) nee essarily raises the cristobalite inversion point. 
r the second day of treatment a cooling curve only was pro- 
, and it indicated a still larger exothermic effect with a maximum 
> ©. There was no evidence of other effects except that the 
satellite, which apparently had also grown in magnitude, had prac- 
tically merged with the main effect. It was estimated that the 
satellite, if 1t had not been followed by the larger effect, would have 
pro duc ‘ed a maximum near 201° C. 
[he first cooling curve test after the fourth day of treatment 
yielded & maximum at 195° C and a definite hump on the high- 
empe rature side still persisted ; but a second test on another part. of 
the sample gave an effect w ith a maximum at 198° C and a hump on 
1e lo w-temperature side at approximately 192° C. These results 
point to the possibility that the sample contained two slightly different 
types of nonuniformly distributed crystalline materials. Both cool- 
ing tests indicated very small inversion effects with maxima between 
160° and 150° C. 
At the end of the ninth day of treatment the exothermic effect near 
20( nile” was very small. ‘There were, however, two additional effects, 
= and rather indefinite one extending from 170° to 120°C with 
naximum near 136° and a small but more definite one with a maxi- 
mum near 88° C. Except that their magnitude was much smaller, 
hese effects apparently corresponded closely to the devitrification 
represented by the curve in figure 6 for the 18-day treatment 
at 800° C. During this series of tests it was noted that treatments 
at_ temperatures well above 800° C never produced as large an upper 
ndymite etfect (with a maximum near 150° C C) as treatments of a 


ts of this nature and the small effects which sometimes develop in the range between 170° and 
ild presumably be ascribed to the influence of certain impurities by some investigators. R. Weil 
nd. 183, 753; 1926), for example, believed that the position of the inversion ranges of portions of 
tobalite crystals which he studied was affected by the presence of impurities in the form of the 
alkali and some other metals. 
y this difference in the effects produced can be ascribed to the relatively excessive fluxing effect 
ual glass on the transformation of the intermediate stages at the higher te mperatures. That is, 
i COI iditic ms certain intermediate stages may transform into final or succeeding stages at almost 
rate as they develop from preceding or initial stages. Inc mnsequence, no great concentrations of 
ff such intermediate types appear. The persistence of crystals in the preceding (or final) cristo- 
» will not be so seriously affected by this fluxing effect because a relatively large concentration 
ite must develop, presumably, before the silica depletion is sufficient to cause the fluxing effect 
ome excessive. 





756 Journal of Research of the National Bureau of Standards  ,yu,y, 


The treatment of 51 days caused the effect near 200° C to disappear 
and prac tically erased the one or more effects between 170° and 120° ( 
but it devel loped very considerably the low- -temperature effect which 
had now become quite sharp and definite with its maximum at 82° an¢ 
its beginning just above 90° C. Increasing the treatment to 251 day: 
did not materially alter the results except “that it broadened ; and pos. 
sibly increased slightly the height of the effect occurring below 100°C 
Two cooling curves obtained on the same charge gave 82° and 85° C 
as the temperature of the maximum of this effect. In both cases ji 
began at 100° and ended at 75° C. 

When examined petrographically at this stage tridymite appeared 
to be the only crystalline constituent. The crystals were moderately 
large and wedge-shaped and preg: Seg tion twins were common, 

Following these treatments at 900° C the sample was treated twic¢ 
at 950° C, and the total treating periods for the two tests following 
these treatments were 4 and 52 days. In neither case was there ay 
indication of any effect above 100° C in the cooling curves, and the 
effect below that point was practically unchanged except that the 
maximum was raised to 88° C. 


SAMPLE 7 


The results from the cooling tests after a 9-day treatment of th 
sample at 900° C were, in general, similar to those obtained on the 
previous sample after the same period of treatment. That is, the 
cristobalite effect was practically nonexistent, there was a small effect 
with a maximum near 88° C, and an indefinite effect of small magni- 
tude extending from 170° to 120° C, which, in this case, appeared to 
have maxima at 156° and 127° C. Corresponding to these, the heat- 
ing curve possessed a minimum at about 145° C. As before, the re- 
sults of both the heating and cooling curve tests indicated that the 
intermediate effects near 150° C were relatively much smaller after 
treatments near and above 900° C than they were after treatments 
near and below 800° C. On the other hand, the greatest magnitude 
ultimately attained by the effect occurring below 100° C in the cooling 
curves was pract tically the same after long treatments in either range. 
Assuming that the original samples were identical, this would indicate 
that the ultimate quantity of the crystalline phase which could be de- 
veloped did not vary materially with the treating temperature for 
this range between 750° and 950° C. Naturally, this is based on the 
assumption that the rate of transformation from tridymite to quartz 
below 800° C was relatively quite low as compared with that from 
cristobalite to tridymite. 

After a total of 22 days at 900° C, a cooling curve on this sample 
indicated no effects above 100° C. The lower inversion effect of the 
cooling tridymite began at this point, was relatively broad, and reached 
2 maximum at 86°C. At this stage the material was examined petro- 
graphically in both powder form and in thin section. Under crossed 
nicols it was found to be faintly birefringent, and areas with the same 
extinction position (representing presumably sections of single crys- 
tals) were elongate in shape with very poorly defined limits. More 
sharply defined needJes were scattered through this cloudy material, 
and ihe, together with the less well defined areas, had a negative 
character of elongation. No wedge-shaped twins were positively 
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ntified, but it was impossib] e to determine the exact character and 
east of indefinite birefringent areas. 


SAMPLE 8 


The tests so far described were undertaken chiefly to ascertain the 
results of changing the treating temperature. These results indicate 
that for this glass 800° C is a favorable treating temperature for 
following the course of the changes in the “prompt” inversions from 
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Figure 6.—Progressive changes in exothermic effects as duration of devitrifying 
treatments increased. 

portions of the cooling curves are presented which were affected by —t* rsions occurring below 

1e procedure followed in procuring these portions was equivale nt to the subtraction of curve 

ve B’ in figure 1. The three pairs of vertical lines in the first section show the approximate 

nges W ithin which the maxima of the three major effects usually oecurred. At its greatest 

bre ge pee heat effect is relatively indefinite since it covers a rather broad range in com- 

its height. It will be noted that the last effect to appear after the tr itment at 900° C is about 

x ¢ ste r than the similar effect after 30 days at 800° C, although the heights are almost the same 

ms of double galvanometer deflections. 


the time of the development of cristobalite until quartz becomes pre- 
dominant. In consequence, this sample was subjected to a series of 
treatments at that temperature, and cooling curves (and occasionally 
heating curves :) were obtained when the duration of the series of heat 

treatments totaled 3, 6, 9, 12, 18, 30, 55, 116, and 313 days. The 





758 Journal of Research of the National Bureau of Standards — yu,y 


cooling curves obtained after the first six and the ninth total period 
are represented in figure 6, and the indicated inversion tempe rature 
are presented in table These are difference curves procured } 


TABLE 1.—Cristobalite and aie inversions * 


| Ap- 
| proxi- | 
] mate 
P | rela- Approxima 
| 
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Indicated inversion temperature 





Por- | Tridymite reed | Apr tot 
tion of Ke ee eee cht | aa 
|Tem-}|Total} sample | ; | ee 
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_ tiond eR at 2 : | er hich 
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900 
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900 
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* The more prominently indicated inversion points found in the glass samples devitrified during 
investigation. 

» Test numbers also signify the number of treatments received previous to test. 

° After each treatment the samples were cooled to room temperature and prepared for test. Cous 
quently, a sample was whole only during the first treatment. 

4 The duration of the second and all additional treatments at a given temperature is shown by the 
ference betweer the corresponding vaiue tabulated and the next preceding for the same sample lon 

e Values uncertain because of added effect from v aporization of moisture. 

{ Quartz effects only were appreciable. 

« Necessary heating curves not procured or effects were of doubtful origin. 


subtracting the ordinates of curves obtained on the untreated gla 
from those obtained on the treated glass; that is, a similar curve wou 
have been obtained if the differences between the ordinates of curves 
A’ and B’, figure 1, had been plotted. The curve for a treatment | 
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lays was obtained on the companion sample of No. 8 and 
introduced to fill a rather wide gap in the stages of the disappearance 
of the cristobalite effect. A close correspondence between these com- 
anions cannot be expected, however, because one was broken up 
‘ter 3 days, while the other was whole during its entire treatment 
During * the treatment of these samples quartz probably began to 
develop quite soon, but the quantity did not become sufficient to 
produce significant ‘effects in either heating or cooling curves until 
proximately the 30th day of treatment. After 55 days the quartz- 
pce effect (fig. 7) had nearly reached the magnitude of the 
cristobalite effect after 6 days and its height was approximately 
doubled and tripled after 116 and 313 days, respectively. For these 
three periods of treatment its maxima in the cooling curves 
were between 570° and 572° C and its minima in the heating curves fell 
between 574° and 576° C. 
The tridymite effect 
which has its maximum 
between 100° and 80° C 
still maintained approxi- 
mately the same magni- 
tude after the 55th day 
that it had had after the 
h, but after the 116th 
day it had noticeably 
diminished and after the 
313th day it had almost 
disappeared, as shown in 
figure 6. There were no 
observable exothermic 
effects in the range be- 
tween 120° and 300° C 
after any of the last three 
treating periods. 
Examination with the l L 
microscope after the 3d 520 560 600 
day disclosed two fairly TEMPERATURE °C 
well defined internal zones FiguRE 7.—Quartz-inversion effect in 
of devitrification. The costing cures. 
inner one centered on the i, tht,sines 0h dey of tratenen the fet i eaaie § 
axis of the evlinder and and after the treatment totaled 313 days at 800° C the height 
the outer one was about  “~“""?* 
midway between the axis and periphery. The remainder of the glass 
was sf urly clear. Most of the crystalline material occurred as minute 
nded and faintly birefringent particles which were arranged along 
lin es radiating from centers. ‘his material which occurred in the 
aracteristic habit of cristobalite was so interspersed with glass that 
no good det erminations of the refractive index could be made, but it 
was in the vicinity of 1.48. A small amount of material was crystal- 
li sad in roughly quadrangular forms. Possibly this was tridymite 
- no optical properties distinguishing it from cristobalite could 
 ODtalned. 





G 


g 
v 
= 
S 
~ 
& 
S 
w 
Wy 
Q ¢ 
y 
R 
S 
9 
Q 


~ 

















760 Journal of Research of the National Bureau of Standards [yoy 


After the 30th day, quartz was an abundant crystalline constituep; 
and although its crystal habit was difficult to determine, it apparently 
occurred as rhombohedrons with perhaps additional short prismati 
faces. Tridymite was also relatively abundant and a number of 
wedge-shaped twins (more frequently the skeleton wedge-shaped 
forms) were present, but individual plates could also be observed. No 
cristobalite was identified. After the 313th day no tridymite o; 
cristobalite was found and the crystalline material appeared to be 
entirely quartz. 

Since quartz after these treatments was the only crystalline phase 
present in suflicient quantity to register very appreciable effects jy 
heating and cooling curves or to be observed petrographically, the 
sample was now treated at 900° C in order to change this phase 
ultimately to tridymite, and curves were procured after the 4th, 59th, 
and 160th day of treatment. The first of these reduced the quartz 
effect very materially but developed no effects in the range between 
60° and 470° C. The normal residual glass effect appeared at this 
upper limit (see curve B, fig. 2) and would have masked any small 
effect that might have been present between that point and 520° C. 
After the 59th day the quartz effect had almost completely dis. 
appeared and a rather broad but pronounced effect beginning at 116° 
and ending at 80° C appeared in the cooling curves. The maximum 
of this effect was near 92° C and the magnitude was almost as great as 
that shown in figure 6 for the 30th day of treatment at 800° C. No 
other effect appeared below 300° C except possibly a very sinall one 
near 120° C. After 160 days the effect between 116° and 80° C was 
somewhat Jarger and more definite than it was after the 59th day and 
its maximum fell at 93° C. The corresponding minimum in tli 
heating curve was at 114° C. It is possible that the failure of the 
cristobalite and intermediate tridymite effects to appear can again be 
ascribed to the excessive fluxing effect of the residual glass. 

As shown by microscopic examination, the sample after the last 
treatment consisted of tridymite, glass, and quartz. The latter was 
present in very small amounts, its grains showed no crystalline faces, 
and were much corroded, and embayed (possibly owing to the inver- 
sion to tridymite). The tridymite was present very largely as wedge- 
shaped twins which often showed additional polysynthetic twinning. 
The composition planes of the polysynthetic twins were apparently 
parallel to the edges of the wedge-shaped crystals. 

The following results were obtained on materials that contained 
crystalline silica and were gathered from various sources. ‘These 
results are presented for comparison with those described above. 


SAMPLE A 


This sample, developed from fused quartz under unknown con- 
ditions, contained a high percentage of cristobalite. Being fine 
powder, it was not so suitable for heating and cooling curve tests as 
the previously described samples containing much lower percentages 
of cristobalite. Only about 0.4 g could be used as a charge without 
increasing the volume that was ordinarily employed and considered 
rather large for satisfactory work. Nevertheless, the cristobalite 
inversion effects (curves A and A’, fig. 8) were relatively large with a 
maximum on cooling at 218° and a minimum at 260° C on heating. 
Both effects started at approximately 240° C. These large effects 
were respectively followed and preceded by small trailing effects which 
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hy some might be ascribed to final 
and initial adjustments which accom- 
the real inversion. No other 
‘ations of inversions were noted. 
No tridymite could be seen when 
the m aterial was examined petro- 
graphically. The cristobalite occurred 
“é minute rounded pellet which showed 
a very low but easily perceptible 
birefringence. In many cristobalite 
samples this birefringence is not 
discernible. 
SAMPLE B 


This was reported to be a powdered 
int treated 5 hours at 1,400° C, and 
inversion effects were broad and 
-fourth as large as those of 

The effect on heating ap- 
be more definite than that 
cooling, because the latter seem- 
approached the doublet form 

the larger member on the low- 
temperature side. (Curves B and B’, 
In the heating curve the in- 
version effect began at approximately 
210° and the curve minimum fell at 
°C. In the cooling curve it began 
260° and the curve maximum fell 
2° C with a possible secondary 
240° C. No other inversion 
effects were observed below the quartz 


about one 
samp Cc A. 


peared LO 
} 


fo & ) 


ange. 
As shown by microscopic examina- 
the sample was composed largely 
of quartz but also contained some 
cristobalite which was usually on the 
borders of the quartz grains. The 
refractive index of the cristobalite was 
just above 1.48 but there was no per- 
eptible birefringence. No tridymite 


ee 


‘ould be identified. 


SAMPLE C 


rm 
} 


Y 
I hy 
i iis 


sample was reported to be 
silicic acid treated for 5 hours at 1,400°. 


finer texture than 
The inversion 


had an even 


A Recs cond 


same magn aden as eae of oo 

B but unlike them, the effect on 

cooling was more definite than that on 

heating because the latter had a slight 

likeness of adoublet. On heating, the 
effect began at about 160°, the curve 

minimum was reached at 220° C, and 
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FIGURE 8.—Inversion effects of va- 
7 ‘aiatd as v 
rious silica materials. 


Che original oo s, double galvanometer 
deflections, have been transformed into the 
corresponding temperature differences in 
order to give a suggestion of ther lative ter m- 
perature change developed during the inve T- 
sions. The indicated temperature dite r- 
ences are approximately correct at 10( 
300° C where the necessary factors for the 
transformatious were experimentally deter 
mined. Elsewhere, the ordinates are also 
within the probable error of the determi- 
nations, although the relation between the 
deflections and temperature differences is 
nonlinear, particularly in this range. The 
primed and unprimed letters indicate heat- 
ing and cooling curves respectively. Only 
those portions of the curves near the effects 
areshown. Some of the curves show peculi- 
arities which possibly signify an approaching 
transformation of cristobalite into tridymite. 


and 
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there was a marked change in curvature as 200° C was approache; 
On cooling, the effect began just above 220° and the eur 
maximum fell at 203° C. (Curves C and C’, fig. 8.) No oth 
effects were noted below 300° C. 

Under the microscope the material seemed to be composed of gra; 
containing clouds of very minute inclusions which obscured obseryy. 
tion. The refractive index of these inclusions or particles was m 
less than 1.48. With the exception of these low-index particle: 
material seemed to be structureless, and it showed no percept 
birefringence where they were absent. 


SAMPLE D 


This sample was reported to have been developed from silicie 
by a treatment at 1,300° C for an unspecified time. Its texture y 
similar to that of s sample C, but its inversion effects (especial 
cooling) were even broader with blunted tops and bottoms inste 
the usual sharp-pointed maxima and minima. In fact, their chara 
was such that they appeared to be made up of two alm i equa ul effect 
which might have been separated by approximately 2 20° C (Cu 
D and D’, fig. 8.) If the effects were doublets the smaller membe 
were on the low-temperature side. In the heating curve the ef 
began just above 160°, reached its greatest depth at about 204 
ended slightly above 230° C. In the cooling curve the effect. beg: 
at about 230°, reached its maximum at approximately 195°, and ende 
just below 150° C. The general appearance of curve D appro: iched 
that of the curve obtained by the second test on sample 6 after th 
4th day of treatment. The effect in D, however, was smaller, ite 

slightly lower temperature range, and gave less indication of : 
secondary peak. 

The appearance of this sample under the microscope was ver 
similar to that of sample C, especially with regard to the character o! 


the inclusions. SAMPLE F 


This was part of a nodule caused by the devitrification of a soda- a 
glass, and it contained tridymite plates and considerable cristobalit 
The concentration of the crystalline phases in the glass was very low 
Consequently, only very small effects were obtainable in the heating 
and cooling curves. These consisted of minima in the heating ci 
at 166°, 198°, and 214° C, and corresponding maxima in the coolin 
curve at 150°, 184°, and 209° C. Tests on another charge change 
the position of these points in no case by more than 2°C. In additior 
to these three possible effects, no others were indicated in the range 

yO € ° a 
from 80° to 300° C. SAMPLE F 


This was another specimen of a devitrified glass, but it came fron 
a different and unknown source. It contained chiefly thin flat tr 


m4 


dymite plates, but each plate was composed of a number of s1 
tridymite individuals. (See reproduction of photomicrograph, { ng. 
A large number of these individuals were twinned, either polysynthet- 
ically, in a wedgelike form, or both. The outer form of the weds 
twins was never displayed. The concentration of the crystallin 
phase in the glass was again very low and the possible heat effects 
detected near 115° and 166° and near 150° and 80° C in the heating 
and cooling curves, respectively, were extremely small. A secon 
cooling test confirmed the 150° and 80° C points. 
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SAMPLE G 


This was a portion of a silica brick transformed by use and was 
omposed largely of tridymite in the form of wedge-shaped twins. 
The nature of the sample was excellent for making heating and 
.ooling-curve tests and there was only one significant effect in each 

The effect in the cooling curve was relatively large and 
ite. It began at 110° and ended at 84°C. The curve maximum 
vas at 98° C, while the minimum in the heating curve developed at 
24° C. The effect in the heating curve was, however, not so clear- 
out and there was some indication that it was followed by a small 
fect which extended to about 160° C. These temperatures for the 
ma and minima are among the highest obtained for the low- 
perature tridymite inversion effect during this investigation. 


GENERAL COORDINATION AND POSSIBLE 
SIGNIFICANCE OF RESULTS 


From the experience obtained in performing the various series of 

sts described above as representative examples of more numerous 
tests, it seems that the results s may be coordinated as follows: 

Borosilicate glasses with a relatively high silica content when 

eld at treating temperatures near or within a considerable range 

800° C first develop a cristobalite that yields inversion effects 

ints usually somewhat above 200° C, both when heated and cooled. 

the duration of the treatment is increased after these effects reach 

eir maximum, they then decrease with a rapidity that depends on 
the treating temperature. 

2. — the duration of the heat treatments at these tempera- 
tures causes the temperatures, indicated respectively by the maxima 
and minima of the cristobalite effects in the cooling and heating curves 
to shift over intervals which are greater than the probable + error of 

letermination. 

3. Even before the cristobalite effects begin to decrease, tridymite 
appear in considerable numbers and small heat effects make 
their first appearance in the range between 190° and 150° C. Curve 
|, figure 3, gives some evidence ‘of one of the smaller effects noted in 
nis range. 

1. If - duration of the heat treatments is further increased, the 

unber of plates multiplies rapidly and the small heat effects continue 
‘o grow into large but broad and rather indefinite tridymite effects, 
the maxima and minima of which usually indicate high-low and low- 
igh inversion temperatures between 140° and 160°C. In the mean- 
time, the cristobalite effects dwindle toward insignificance. 

». As these effects near 1 C approach their maximum size, 
wer ‘ge-shaped tridymite twins also begin to develop rapidly and a 
high-low inversion with its maximum usually somewhat below 100° C 
coincidently appears. The corresponding low-high effect with its 
minimum at a somewhat higher temperature is not so easily and 
oe located, possibly because some remnants of the moisture 

‘ects supposedly associated with glass dust interfere, although such 
‘ust should now be eliminated by sintering. For an other possibility 
see footnote 9. 

6. Continuing the treatments causes the effects near 150° C 
diminish ste: adily and also greatly reduces the number of plates, so 
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that they are few in comparison to the number of twins. At the say 
time, the tridymite effects near 100° C grow rather rapidly and becom, 
so de finite in comparison to the earlier and much larger effects neg: 
150° C that the maximum of the high-low and the minimum of th, 
ieadel inversion can be easily and precisely located. These effect 
and also those near 150° C shift their positions, however, as the dur. 
tion of the treatments increases. 

7. Still longer treatments practically eliminate the tridymite plates 
and almost con pletely des troy the tridymite effects near 150 
leaving only very small seeming remnants of those effects ne: 

and 140° C in the heating and cooling curves, eedaces. 
30-day treatment brought sample 8 into about the middle of this 
stage.) There are, therefore, at this stage no really manifest inyer. 
sion effects from these points to approximately 570° C where t| 
quartz effects have now begun to grow with relative rapidity. As th 
duration of the treatments of various samples is increased, the indj- 
cated temperatures of the effects near 150° and also of those nea 
100° C shift about over ranges which appear to be appreciably lary 
than should be expected in view of the estimated probable uncertai 
ties of determination. The relatively narrow and consequently def- 
nite tridymite effects in the cooling curves occur almost wholly within 
the range between 80° and 100° C with maxima near 90° C, while th, 
almost equally definite effects in the heating curves have mininy 
near 110° C. 

8. Greatly increasing the duration of the heat treatments almost 
completely removes the inversion effects near 100° C and transforns 
practically all of the wedge-shaped tridymite twins into quartz 
The quartz now yields very large and definite effects with maxin 
and minima (in cooling and heating curves, respectively) betw 
570° and 576° C. 

9. Subjecting the material at this stage to heat treatments 
900° C (as in the case of sample 8, for example) transforms the quartz 
with relative rapidity into wedge-shaped tridymite twins. Th 
inversion effects near 100° C reappear with a greater magnitude thar 
they had previously since they are now at least equally high (or deep 
and definitely broader. The cristobalite effects apparently fail to 
develop, and the intermediate tridymite effects near 150° C, if present, 
are too small to be located with any certainty. (See paragraph 11 
also.) 

10. Treatments of the original glass at 900° C develop cristob alite 
as the first crystalline product, and its large definite inversion ef fects 
occur at temperatures which are at least as low as those usuall 
obtained after treatments at lower temperatures. 

The development of tridymite from the cristobalite at 900° C 
follows much the same course as in the case of treatments at 800° C 
or lower, except that the inversion effects near 150° C are usuauy 
no more than barely detectable. Consequently, they never reac 
that prominence they attain as a result of the treatments at lower 
temperatures. This difference in prominence must, it would seem, 
be ascribed to an increase at the higher temper rature in the trans 
formation rates of intermediate crystalline forms. Possibly _ the 
increased fluxing power of the residual glass at 900° C causes these 
rate increases almost entirely. 
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12, The effects near 100° C, when the original glass is treated at 
990° C, ultimately become larger than those appearing at any time 
as a result of treatments at 800° C and lower; presumably, because 
tridymite becomes the end product as soon as 870° C is exceeded. 
(Also see paragraph 9 and fig. 6.) That is, the absence of any loss 
to quartz must more than offset the possible increase in the solubility 

E of crystalline silica in the residual glass as the temperature rises 
through this range near 870° C. 
| 13, Occasionally the inversion effects occurring near 200° C when 
S the cristobalite is developed at 900° C or lower appear to be double 
f or to cover unusually broad ranges (see last column, table 1). Similar 
§ conditions often develop in the tridymite inversion effects near 150° C 
F and possibly to some extent in the more definite effects near 100° C. 
It seems further that the significance of these results may be out- 
E lined as follows: 
- 1. The results indicate that the shift in prominence from the tridy- 
mite effects near 150° C to those near 100° C is related to the change 
in crystal habit from plates to wedge-shaped twins. In any case it 
would seem that the “high-temperature” inversion effects are pre- 
dominant only when the tridymite is “young” and that they are 
} displaced in this role by the “low-temperature”’ effects as the material 
> becomes more ‘‘mature”’ (age being measured in terms of the duration 
' of treatment and the effectiveness of the other conditions which enter 
E into the development of the crystals). 
| 2. The above suggests that there are at least two kinds of low 
 tridymite which may exist normally at room temperatures, and that 
» each kind has a rapid inversion range in which it transforms to a high 
F form that has no rapid inversions at still higher temperatures. That 
Sis, it appears that these high forms can only change into other high 
| forms through very sluggish transformations which probably occur 
S in most cases at relatively high temperatures as compared with those 
Sof the rapid inversions. Verification of this would signify that a 
s sample is a composite of two kinds of tridymite whenever (as is usual) 
§ both of the established inversions occur in it. 
| 3. If two such low temperature types of tridymite exist, the high 
© form of the one inverting near 150° C is not an end product at treating 
; temperatures between 870° and 950° C. Whether it is such a product 
) at higher temperatures may also be doubtful. 
; 4. If both inversions, the one near 150° and that near 100° C, 
§ should ever be found in what appeared to be a single crystal, such a 
s crystal, as well as the whole sample, would then assume the character 
of a composite. In that case it would seem that similar conditions 
} might appear in cristobalite or in any other silica crystals if a sluggish 
transformation has caused only a partial change from one form of 
crystal to another. Presumably, such composites would resemble 
; some of those crystals in which multiple inversions were investigated 
| optically by Weil. (See footnote 11, page 755.) 
| 5. If close association of two or more forms within the same crystal 
; should influence the inversion characteristics of the forms, it may well 
| be that this influence in the suspected composites would be the cause 
of minor shifts such as were observed in the indicated inversion tem- 
; peratures of many of the samples and which were often larger than the 
; esumated errors in locating such temperatures. This possibility, if 
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established, would also explain some of the wide divergences in th 
published results of other inv estigators for the various inversion poi 
Moreover, it should throw some light on the cause of the rather larg 
temperature hysteresis effects which have been observed in ln 
cases. 

VI. INCIDENTAL DISCUSSION 


Certain of the variations in the results outlined in the preceding 
sections can no doubt be ascribed to two kinds of inhomogeneity ; 
the original material. The most evident of these inhomozgeneoy 
conditions caused the devitrification to develop and to proceed throug! 
the mass in moreor less well defined waves. These waves corresponde 
to the crystal growths in various portions of the glass sample that were 
differentiated by the cords or striae contained. 

The other condition, which also can be considered as a type 
inhomogeneity, existed at the air-glass surfaces, and it usually » 
hastened devitrification there that it was often more potent than any 
of the cords in causing an early wave of crystal development. More. 
over, this potency was greatly enhanced and other complications were 
probably introduced whenever the glass was broken up. Such 4 
multiplication of the air-glass surface was introduced whenever 4 
sample was prepared by crushing, and the sample was always crushed 
for the test made between the first and second of a series of treatments, 
As a result of the fragmentation the second treatment probably d 
veloped a relatively pronounced second wave of newly develop 
crystals which followed the older crystals of the first treatment throug 
the various transformations. When the lag was sufficient, these 
waves probably remained more or less distinct even after the develop- 
ment of tridymite and the practical disappearance of cristobalite. 

To a certain degree these inhomogeneities and the resultant waves 
of devitrification may account for the lack of definiteness in some oi 
the heat effects of inversion and for the occasional satellites of these 
effects. This possibility requires, however, that the indicated in- 
version temperatures (of cristobalite, for instance) changed either 
with the duration of treatment at the temperatures employe 1 or with 
the position of the crystals in the sample. In either case it would 
seem that the changes in the indicated ‘inversion temperatures were 
caused by the same factors that influence growth and sluggish traus- 
formations of the crystals. Consequently, it appears Jogical to sup- 
pose that both inversion temperature and temperature hysteresis 
change as the crystals grow or proceed through some sluggish trans- 
formation which 'is induced by continued heat treatment. Since the 
treating temperatures were all below the cristobalite stability range 
in the heat treatments described above, the cristobalite- tridymite 
transformation was probably proceeding ‘continuously from the ap- 
pearance and until the disappearance of the cristobalite. At suci 
treating temperatures there is, however, the possibility that other 
transformations or changes also develop and affect the inversion 
characteristics. These changes may or may not have something 
of the nature of those postulated by Sosman 3 in seeking an explana- 
tion for the apparent decrease in the inversion temperatures of cristo- 
balite as its formation temperature is reduced. 


138 The Properties of Silica. Page 259 (1927). 
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According to Sosman’s hypothesis the proportion of oxygen atoms 


|, undefined or haphazard positions increases and decreases with the 


ing (or formation) temperature of the cristobalite. It is then 
further postulated that the inversion temperature of the crystals 


increases and decreases with the relative number of such hs aphazard 
B atoms. To account for still other peculiarities of the crystals he also 
S .ostulates that there is a certain type of heterogeneity in the structure 
| of cristobalite. Granting these highly speculative possibilities, it 
coems reasonable to suspect that the relative number of haphazard 


f 
® 110n O41 


atoms and the degree of heterogeneity are to some extent not only 
coordinate but related; or at least, that they are both affected by 
practic rally the same factors. At any rate uniformity in the propor- 
such atoms should scarcely be expected to exist throughout 


F even a single crystal. Any lack of such uniformity would of “itself 


constitute heterogeneity. Moreover, it would seem that a hetero- 


S ceneity of whatever nature should affect the inversion temperature. 


If changes developed in the proportion of haphazard atoms by 
ieatments at high temperatures are to affect the inversion temper- 
atures, it is necessary that the proportion established by any treatment 


F shall be susceptible to preservation during a cooling of the material 
Sio the inversion points or lower. Presumably this preservation is 


accomplished by cooling through the higher temperature ranges at 


' comparatively rapid rates. As a matter of fact, however, a drastic 
B rate does not seem to be required any where except possibly within 
Fie cristobalite range. ‘This, at least, is the impression one would 
gain from certain of Fenner’s experiments. The susceptibility to 


} preservation suggests that the changes in the relative number of 


t 


© haphazard atoms must have the nature of sluggish transformations. 


it is possible therefore that at most temperatures the duration of 


B treatm nt is, along with the temperature of treatment, a real factor 


in determining the inversion temperature of the resulting cristobalite 


crystals. It may as a matter of fact be the more important of the 


Fiwo. At least, it may easily be so when the treating temperature 
Bis below the cristoba lite range, and, especially, when the condition 


of the material is such that all transformations develop slowly. 
; That is, the duration of treatment required to develop any condition 
may be considered as always depending on the nature of the silica 


iaterial as well as on its temperature. In view of the nature of the 
material and of the treatments employed, this consideration of the 


; experimental factors which may determine the inversion temperature 


of cristobalite suggests that the variations observed in the cristobalite 
inversions—as noted at various points in the previous discussion— 
are to be expected since undoubtedly the age of the cry stals even in a 


sing le sample varied greatly. It also corroborates the belief that the 


obvious inhomogeneities of the original glass and the consequent 
waves of devitrification may account for the satellites of some of the 
inversion effects. Furthermore, variations in the effective duration 
of treatment becomes a possible explanation for the occasional marked 
deviations in Fenner’s* data from the general trend on which the 
dependence of the inversion temperature on that of formation or 
treatment is chiefly based. 


J. Sci. 36, 369 (1913). Some of the inversion temperatures deviate from 5° to 30° C from any curve 
t reasonably represent the supposed dependence of these temperatures on those of formation or 
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In the formation and treatment of crystals there are two possibilitic: 
which should be considered. That is, the crystals may be forme; 
and treated at the same or at different temperatures. In the latte, 
case, treatment will produce a change in the relative number of hap. 
hazard atoms if the hypothesis fits the actual conditions. In the 
other case, however, it may be a matter of uncertainty as to whether 
or not any such change takes place. The proportion of such atoms 
and the degree of heterogeneity corresponding to the formatioy 
temperature may be attained immediately at incipiency and remaiy 
unchanged throughout the growth and any further treatment of the 
crystal at that temperature. As a matter of conjecture, it seems 
more likely, however, that the conditions in incipient crystals are. 
regardless of the temperature, much the same unless there are two 
or more kinds of high cristobalite. Even in that event the incipient 
form would usually be the same if the usual course of the transforma- 
tions of crystalline silica when heated is followed. Conceding that 
the incipient condition is independent of the formation temperature 
and that the condition corresponding to that temperature is gradually 
developed, it follows that the mass of crystals in a sample at any 
intermediate stage of devitrification would represent a wide range of 
development stages and a correspondingly broad interval of inversion 
temperatures. This may account for the rather peculiar effects of 
samples B, C, and D in figure 8. 

At this point it should be noted that Greig has reported that the 
heat effects of inversion in certain samples containing cristobalite 
did not develop sharply at any temperature when the samples wer 
cooled through the inversion range. He also observed that many of 
the small crystals, when mechanically attached to the surrounding 
glass, failed to invert and consequently reached atmospheric temper- 
atures in the high form. Other investigators have also reported 
observations which suggest that in certain cases the cristobalite 
inversions may be very lethargic and that such persistence of the 
high form is not uncommon. There is no doubt some similarity 
between such observations and certain of those presented in the 
previous pages. These observations include the broad inversion 
ranges, the variability of the indicated inversion temperature, marked 
temperature hysteresis, and certain peculiarities noted in the cristo- 
balite crystals when the samples were examined microscopically. 

If the chief cause of the lethargy of inversion lies in the surrounding 
or attached materials, it seems obvious that the incipient or very small 
crystals would be most affected, especially since they should be the 
least capable of breaking away from those materials. Such a crystal 
with its attached material may be considered as a very heterogeneous 
structure. A structure of this sort may well be incapable of inverting 
sharply at a definite temperature and any delay in the inversion should 
depend on the degree of heterogeneity. Since there is in the usual 
artificially prepared sample a great variety of crystal sizes and de- 
grees of attachment it follows that the inversion ranges should be 
correspondingly broad. Obviously, the attached material may be 
crystalline as well as glassy. Consequently, this broadening of inver- 
sion effects should appear whenever any transformation is only 
partially accomplished. To what extent the restraint exerted by 


18 J, W. Greig, Am. J. Sci. 13, 40 (1927); J. Am. Chem. Soc. 54, 2846 (1932). 
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attached materials on the inversions of small newly developed crystals 
;s mechanical (as has been suggested) is, however, a matter for further 
consideration. 

Whatever may be the nature of the changes which cause the vari- 
ations in the inversion effects of cristobalite, it seems possible that the 
development of tridymite also includes changes of a somewhat similar 
nature since it was noted that within certain limited temperature 
} ranges its inversion points also appeared to be variable especially 
when either the treating temperature or period was changed. At 
least two distinct tridymite inversion ranges '* are known to exist and 
these may be considered as centering on 150° and 100° C when both 
the low-high and high-low effects are considered. As stated before, 
the sequential appearance (and disappearance) of the effects in these 
two ranges as the treatments were prolonged leads to the possibility 
that each inversion range belongs to a more or less distinct crystalline 
type that has but two modifications (high and low). Of these types 
only the one inverting in the vicinity of 100° C appears to possess a 
high modification that is stable in the lower part of the tridymite 
stability range. Whether the high modifications of the possible two 
or more tridymite types divide this range between them will require 
further study since it may well be that the types appearing first and 
inverting at the higher temperatures are never really stable. 

The indication that there is a sluggish development of one tridymite 
from another suggests that this transformation is the source of the 
suspected heterogeneity of tridymite crystals. Even so, this hetero- 
geneity might have something of the nature of that postulated by 
Sosman, or of that suggested as a possibility by Fenner who, in dis- 
cussing the significance of his results took cognizance of Smits’ theory 
of allotropy in this connection. This idea that sluggish transfor- 
mations cause the possible tridymite heterogeneity suggests further, 
however, that any apparently individual tridymite crystal can be 
considered as a more or less heterogeneous and intimate mixture of 
decadent (or disappearing) and of immature (or developing) forms 
which are unevenly distributed throughout not only the sample as a 
whole but also the seemingly individual component crystals. 

Certain parts of any such mixed crystal should, however, be rela- 
tively homogeneous in their structure and, consequently, each of 
these probably resembles rather closely in its structure some one of 
the various crystalline forms entering into the series of transformations 
undergone by the crystal as a whole. In that case these fragmentary 
parts are presumably cemented together by layers of less homogeneous 
material which has its disorganized and more or less haphazard struc- 
ture because all of the various intermediate stages of the transfor- 
mations are represented in it. Granting the existence of such com- 
posites, it seems probable that the very different but more homo- 
geneous parts exert through this cementing layer considerable mutual 
influence upon their individual inversion characteristics. 

_ On the basis of this mixture hypothesis several relatively large 
inversion effects appearing at points separated by more or less definite 
temperature intervals would show the presence of a corresponding 

‘It will be presumed for the time being that only these two particular inversion ranges are involved 


although some indication of another range centering on spprecsmetens 130° C was noted. Furthermore, 
another possible range near 440° C has been reported by Travers and Goloubinoff, Rev. Metall. 23, 27, 100 


107462—38——5 
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number of distinct and rather persistent crystalline types within th, 
sample. Minor variations in the inversion temperatures from their 
normal position and any exceptional broadening of the inversion 
effects would be the result of a mutual influence exerted by the varioys 

types within composite crystals upon the inversions of the com. 

ponents. Presumably, such variations would be relatively insignif. 
cant in the case of very predominant types having large inversion 
effects, but these variations should increase if the ‘predominance oj of 
the type waned as the sluggish transformations continued. Masses 
of heterogeneous crystals containing a predominant type with inyer. 
sions that are easily influenced should, if all possible degrees of hetero. 
geneity are present, yield rather broad inversion effects such as those 
of tridymite near 150° C. Exceptional broadening of this nature 
may cause the observable effects to be unexpectedly small in many 
cases, just as they were in sample F for instance. 

Experience with these materials would seem to show that crystals or 
crystalline fragments must ordinarily be exceedingly small before their 
inversions can be materially modified by the nature of their surround. 
ings. Conceivably, however, the inversions in composites made up of 
closely associated fragments may be materially modified by such 
association if the fragments do not too greatly exceed the submicro. 
scopic scale. Moreover, the fragments may not possess the uniformity 
of structure suggested by their appearance, and elements of the trans- 
tion layers may permeate them to some extent. The crystal shown 
in figure 9 may be an example of such a composite of tridymites if 
elements of the plate structure still persist in the transition layers or 
elsewhere. Presumably, the transformation in this crystal is well 
advanced, but in the beginning of a transformation the heterogeneous 
regions may be even less obvious and constitute little more than a film 
over the surface of an otherwise perfectly uniform crystal. 

Composites with modified inversions may also be formed during the 
cristobalite to tridymite transformation. Possibly the crystals studied 
by Weil ’ possessed a heterogeneity of this kind, although he ascribed 
the observed differences in the inversion ranges of various portions of 
the same crystal to the effect of impurities. With respect to such 
effects from impurities, the results of Fenner’s experiments * testing 
this point indicate that cristobalite from spécially purified silica yields 
practically the same variations in its inversions as does cristobalite 
from melts containing considerable impurities or flux. 

Obviously, the development of the original crystalline growth and 
of any other later sluggish transformations must proceed much more 
slowly in relatively pure than in fluxed silica unless the developing 
temperatures for the purer material are considerably higher. Conse- 
quently, Weil * in subjecting cristobalite crystals to ‘alkali vapors 
probably caused regions of incipient tridymite to develop very rapidly 
but only on the crystal surfaces during that time when the temperature 
was below the cristobalite range. Such an action would presumably 
cause inversion changes very similar to those he observed. ‘This 
suggests that he may have been dealing with composite cry stals of 
the type discussed in the previous paragraphs rather than with a direct 
effect of impurities on the inversions as he assumed. 

17 Compt. rend. 180, 1949 (1925). 


18 Am. J. Sci. 38, 363, 370 (1913). 
1® Compt. rend. 183, 754 (1925). 
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Moreover, it is clear that the acid treatments which he later applied ” 
should in most cases have removed any such possible incipient tri- 
dymite from the surfaces of the vapor-treated cristobalite almost as 
easily as it would have removed the film of alkaline glass that was 
undoubtedly formed. On account of this action the temperature of 
the inversion effects should have been raised by the acid treatment. 
In general, however, the acid treatment would fail in this action if the 
tridymite was more deeply embedded, since any dissolving away of 
probable surface films of glass would normally release only those tri- 
dymite structures that were on the surfaces. The development of 
deeply embedded structures would presumably require relatively long 
treatments and fairly large original cristobalite crystals. Some of 
the natural crystals with two inversion ranges did not entirely lose 
their apparent inhomogeneity on being subjected to the acid treat- 
ment. Weil ascribed this resistance to the protection which a deeper 
permeation into the crystals afforded the impurities. He apparently 
did not consider the possibility that the displaced inversion effects 
were caused by deep seated regions of incipient tridymite although 
some of the natural crystals which showed peculiar inversion effects 
were classed as tridymite. 

If by any chance impurities were not the direct cause of the non- 
uniformity of the inversions of these crystals, it would seem that the 
evidences of heterogeneity actually observed by Weil in what appeared 
to be relatively large individual crystals may be as well explained on 
the basis of composite crystals of cristobalite and small portions of 
incipient tridymite as on any other. Moreover, some of the crystals 
classed as tridymite may have contained small amounts of decadent 
cristobalite especially when their inversion effects extended to com- 
paratively high temperatures. Granting that the crystals were com- 
posites of this nature, his results on various individual crystals then 
vive a much clearer insight as to the possible structure of such com- 
posites than can be obtained by experiments which require large 
masses of crystals where the masses presumably include crystals 
representing all of the possible stages of heterogeneity which may be 
developed during a sluggish transformation. 

The possibility that decadent fragments of cristobalite may enter 
into tridymite composites and influence the tridymite inversions 
makes the comparative indefiniteness and the relatively great breadth 
of the inversion effect of that tridymite form which appears to be 
intermediate between cristobalite and the final tridymite even less 
surprising. This follows, since some of the crystals of this intermedi- 
ate form will invert at abnormally low temperatures because of the 
influence of the final tridymite, while other crystals will invert at 
abnormally high temperatures because of the influence of cristobalite. 
Finally, there is a possibility that the medium which transmits this 
influence is made up of the silica threads or chains which are discussed 
by Sosman. That is, such chains may in many cases lead through 
several incomplete structures at certain times during the progress of 
any transformation or series of transformations. Between the more 
regular incomplete structures, the threads at such times would pre- 
sumably be tangled and twisted to a considerable extent. This con- 
dition in some cases may actually approach that of silica glass. If 


” Compt. rend. 183, 753 (192¢). 
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this picture is at all representative of actual conditions, it seems 
when the persistence usually ascribed to these chains is considered 
that it may be along them that a structure exerts the influence whic 
resists or abets the inversion of its intimate neighbors. 


VII. SUMMARY 


1. A series of tests was made for the purpose of following in , _ 
devitrifying glass the well-known series of transformations—nop. EX 
crystalline silica to cristobalite to tridymite to quartz—which can be 
completed under proper conditions at temperatures below 870° C 

2. The devitrifying or transformation temperatures employed 
ranged from 625° to 950° C, and the material treated consisted of a 
high silica borosilicate glass which devitrified readily at temperatures 


above 750° C. 

3. The devitrification products were studied mainly by procuring E: 
heating and cooling curves which extended over the whole co alit 
ture range of possible rapid inversions. In addition, several of th, relat 
samples were examined microscopically, and X-ray patterns were also 
obtained occasionally. yee 

4. The apparent inversion points of the cristobalite ranged from from 
201° to 218° on heating and from 192° to 240° C on cooling (as indi- . 
cated by the endothermic and exothermic effects). 

5. The points similarly determined for the upper inversion of the 
tridymite ranged from 145° to 164° C and from 127° to 155° C on 
heating and cooling, respectively. 

6. The corresponding points for the lower inversion of the tridymit 
fell between 107° and 120° C and between 82° and 101° C. 11 

7. The inversion points of the quartz as determined in the same IV 
way, all fell between 570° and 576° C, and it appears that much of 
this spread can be ascribed to the relatively high rates (approxi- 
mately 5° C per minute) employed in this range both on heating 
and cooling. 

8. The inversion effects in the upper tridymite range were usually 
broad and often indefinite, and they always disappeared completely 














soon after the effects in the lower inversion range of this material J “.)° 
reached their maximum. ames 
9. Ordinarily, the interval between the complete disappearance of the | 
the effects in the upper inversion range and the full growth of those 
in the lower range seemed to coincide with the period within which nd 
the tridymite crystals were transformed from plates to wedge- me 
shaped twins. a 
10. Certain speculations concerning the significance of this coinc- = 
dence and of the results, in general, are incorporated in a discussion. JB °"° § 
WasHINGTON, July 1, 1938. Ty 
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/EXPANSION EFFECTS ON THE INVERSION OF SILICA 
CRYSTALS IN CERTAIN DEVITRIFIED GLASSES 


By Arthur Q. Tool and James B. Saunders 


ABSTRACT 
Expansion curves are presented which show the inversion effects of the cristo- 
alite, tridymite, and quartz that were present in a devitrified glass having a 
relatively high silica content. These results agree in practically every respect 
with results presented in a previous paper and obtained from the exothermic and 
endott ( rmic effects caused by the same inversions. So far as these results are 
concerned ith the nature and changes of inversion effects as tridymite is developed 
from cristobalite and quartz, they substantiate the previously suggested possibility 
that there are, at room temperature, two or more forms of tridymite instead of 

aly one, such as has been generally supposed. 
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I. INTRODUCTION 


This paper deals with the expansion effects of inversion th: at were 
obtained on some of the samples discussed in a previous paper ! which 
describes the heat effects and some of the characteristics of the 
crystals found in a devitrified borosilicate glass having a rather high 
silica content. A description of the glass and fuller details concerning 
the heat treatments causing its devitrification will be found in that 
paper. The chief purpose in obtaining the expansion data was the 
corroboration of previously described results on the progressive changes 
in the characteristics of the “prompt” inversions of the crystalline 
silica. Such changes developed as the various “‘sluggish”’ inversions 
proceeded at treating temperatures in the devitrification range of 
the glass. 


II. METHOD OF MEASUREMENT 


The expansion data (curves) were procured by means of the inter- 
ferometric method and the apparatus used has been described in 
previous papers.? The test samples (three pyramidal spacers) were, 
however, smaller (height, 1.78 mm in one case) than usual because 


_ ol and Insley, J. Research NBS 21, 743 (1938) RP 1152. 
my ool, Lloyd, and Merritt, BS J. Research $, 627 (1930) RP219. Saunders and Tool, BS J. Research 
99 (1933) RP626. 
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larger pyramids were likely to crack during the repeated heatings an 
coolings re quired by a series of tests. While this reduction IN size 
made jong series of tests possible, it materially reduced the prec i 


of the measurements. This, how ever, was no great handica; : bee 
the expansion changes sought were ordinarily much greater than th 
uncertainties in the measurements. Moreover, the principal purpog 
was to locate inversion effects rather than to make highly accurat 


expansivity measurements. In general, the samples used in the 


expansion tests were subjected to "devitrifying treatments along wit} 
the corresponding samples employed in the hes ating and cooling cu 
tests mentioned above. 

Interferometer plates of fused silica were used in these expansivity 
tests because the measurements were carried to relatively high tem. 
peratures. Moreover, it is evident that it would be impossible ; 
match the extremely variable expansion of the devitrified sam 
with that of any material suitable for these plates, although such , 
match is very desirable in making precise measurements on ordinary 
samples. The Ic ver interferometer plate on which the pyramid; 
spacers rested was so constructed and calibrated that it served as a 
interferometric thermometer for determining the temperature chang 
during the required heatings and coolings of the tests. When properly 
assembled and mounted in the test furnace and observed through 3 
viewing apparatus, the interferometer system presented two sets oi 
fringes separated by a narrow boundary. As the temperat 
chs :nged, the passage of the fringes over fiducial points was record 
by means of a chronograph. From the resulting record the chang 
in temperature and the corresponding length changes per unit lengt! 
of sample could be computed. The number of fringes was such thet 
the approximate av erage expansivity over small temperature intervals 
never exceeding 5° C could easily be determined for each such interval 
in the range between room temperature and 625° C. In dtaleing 
these data the heating rate throughout this range was approximately 
3.5° C per minute. 


urve 


III. RESULTS 


The results presented here include only those obtained on two 
samples. These were numbered 1 and 8 in the first paper cited 
above. The first of these samples was treated for 25 days at 725° 

C, after which it contained considerable cristobalite and tridymite 
plates, some wedge-shaped twins of the latter, and a little quartz 
A petrographic examination of this sample indicated that eristobalite 
was probably the main crystalline phase, but the thermal expan 
sion, as well as the other heat effects, seem to show that pe yiniti 
was predominant. That is, the expansion curve (B, fig. 1) indicates 
relatively large inversion effects near 115° and 150° C in the tridy- 
mite range and another effect betw een 500° and 600° C. The latter 
is probably a composite of “rapid” expansion effects in both the 
residual glass and the quartz. 

Curves A and A’ in figure 1 are the expansion and contraction 
(heating and cooling) curves of the original glass, and a comparisol 
of these curves with curve B shows the great change in the expansi0l 
caused by the devitrification. The change in the trend of curve 4 
near 450° C indicates that the unannealed glass was entering the 
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:nnealing range at these temperatures, and the rise starting near 550° 
C corresponds to the beginning of the rapid-expansion range of this 
glass previous to its devitrification. The drop to curve A’ at 625° 

‘ where the glass was held for a time preparatory to starting the cool- 
ing curve, corresponds not to a deformation but to an actual though 
relatively slow contraction which this type of glass invariably shows 
‘n this temperature range. In the case of the devitrified sample, the 
beginning of the rapid-expansion range of the residual glass (curve 
B) apparently occurs near 470° C, and there is some indication of a 
quartz effect just above 550° C. The rate of deformation of the devit- 





50 
TEMPERATURE 


Figure 1.—Expansion curves of devitrified (B) and undevitrified (A and A’) samples. 


nge in expansion was caused by the devitrification of a borosilicate glass containing a relatively 
high percentage of silica. 


rified glass was appreciable at temperatures above 600° C and this 
shows that devitrification greatly softened the material. 

The first eight of the series of curves in figure 2 show the changes in 
the apparent expansivity with temperature ‘(betw een 50° and 300° C) 
after the glass had been subjected to various periods (ranging from 3 
to 313 days) of devitrifying treatment at 800° C. After 3 days of 
treatment the cristobalite effect near 200° C was very large, and 
there was some indication that a tridymite effect near 150° C was 
developing. After the sixth and seventh days the cristobalite effect 
had practically disappeared, and it was practically nonexistent after 
the ninth day. From the sixth and through the twelfth days the 
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intermediate tridymite effect near 150° C, being quite large, was pr. 
dominant, but by the eighteenth day it had yielded this dominance +, 
the tridymite effect which had been slowly developing near 100° ¢ 
since the sixth day of treatment. After the thirtieth day the tridy. 
mite effect near 100° C was practically the only one remaining and j; 
had also practically disappeared when the treatment totaled 313 days 
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FIGURE 2.—Approzimate apparent expansivities of the devitrified glass after trea- 
ments of various duration at 800° C, 
These curves show the change in apparent expansivity with temperature and the progressive change in the 


. inversion effects as the duration of the heat treatment was increased. Figure 2A presents some of the 
& expansion curves from which _the apparent expansivities were computed. 


because the tridymite had been transformed into quartz. Through 
out most of the time that the intermediate tridymite effect was dom- 
nant, tridymite plates appeared to be the predominant crystalline 
phase; but these plates were displaced by wedge-shaped tridymite 
twins at about the time that the effect near 100° C became dominatt. 

The results derived from expansion curves indicate that as the durs- 


tion of the heat treatment increased the cristobalite and tridymite 
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effects, respectively, disappeared and developed sooner than the cor- 
responding exothermic effects derived from cooling curves obtained 
on the same sample, No. 8, as described in a previous paper. (Tool 
and Insley, footnote 1.) These differences appear because the expan- 
sion samples were selected from parts of No. 8 which were uniformly 
Jevitrified and in consequence practically free from clear glass at the 
ond of the first 3 days of treatment, whereas the samples used in obtain- 
ing the exothermic effects were representative of the whole of No. 8. 

Figure 2 (A) presents two examples of the expansion curves from 
which the approximate expansivities shown by the curves in figure 2 
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Figure 3.—Tridymite and quartz inversion effects. 


curve was obtained after a heat treatment of 55 days at 800° C. The small effect beginning at about 

and just preceding the quartz effect was caused chiefly by the normal increase in the apparent 

expansivity of the residual glass in this range, although adjustments preliminary to the quartz inversion 
probably add to this increase. 


were computed. For comparison the expansion curve of the original 
glass is also included. 

The curve presented in figure 3 shows the apparent expansivities of 
sample 8 after it had been treated for 55 days at 800° C. Two 
inversion effects were found at this time, the tridymite effect near 
100° C and the quartz effect near 575° C. After the 313th day of 
treatment the quartz effect was more than six times as large as that 
shown here, and the tridymite effect had practically disappeared, as 
shown in figure 2. To reduce this quartz to tridymite the treating 
temperature was raised to 900° C and after 160 days the completion 
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of this reduction was being approached. Tests made at interya\ 
during this treatment showed no indications of the cristobalite an 
intermediate tridymite effects, but the tridymite effect near 100° ( 
soon appeared and grew slowly as the quartz effect diminished, Thy 
effect obtained near 100° C as the result of a test following the 160¢) 
day of treatment at 900° C is shown in the last of the series of curye; 
in figure 2. 

The fact that the cristobalite and intermediate tridymite effects 
vere not detected during the development of the effect near 100° | 
as the quartz was transformed into tridymite wedge-shaped twins 
by the 900° C treatments is not proof that the agents causing thes 
effects did not develop and take their part in the transformatioy 
That is, it is always possible that the fluxing effect of the residua| 
glass at that treating temperature was so creat that it was impossible 
for cristobalite and certain intermediate forms of tridymite to develop 
in sufficient concentrations to cause detectable inversion effects i 
should be remarked, however, that the intermediate tridymite effect 
near 150° C often fails to reach any prominence during the trans. 
formation of cristobalite into tridymite when materials containing ; 
much lower percentage of fluxing agents are treated at such developing 
temperatures. 

IV. CONCLUSION 


The results on the expansion effects caused by the various inversions 
found in the devitrified glass agree very well with those on the endo- 
thermic and exothermic effects of the same inversions, as a com- 
parison of figure 2 with figure 6 of a previous paper * shows. 


Consequently, they yield supporting evidence that either of the 
tridymite inversions, which are usually considered to occur near 117° 
and 160° C, on heating may appear without the presence of the other 
in this material. 


W ASHINGTON, August 19, 1938. 

3 During the investigation it was found that wedge-shaped twins of tridymite replaced the earlier d 
tridymite plates when the devitrifying treatments of this glass were sufficiently prolonged at 800° C « 
Moreover, the exothermic and endothermic inversion effects centering on 100° C increased in magn 
the number of twins increased, whereas the magnitude of the effects centering on 150° C decreased 
number of plates decreased. When the devitrification was developed by treatments at 900° C or , 
the number of plates and the effects near 150° C were at all times relatively insignificant, but the number 
of twins and the prominence of the effects near 100° C were undiminished. 

4 Tool and Insley, J. Research NBS 21, 743 (1938) RP 1152. 
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PORTABLE GEIGER COUNTER UNIT 
By Leon F. Curtiss 


ABSTRACT 


A readily portable unit with entirely self-contained power supply, for operation 
f a low-voltage Geiger-Miiller tube counter is described. The Neher- Harper 
cuit is incorporated in an integrating circuit which yields one pulse for approx- 
nately 60 counter pulses. The output pulse operates a Cenco counter. The 
sensitivity is such that 1 microgram of radium can be measured at 1 meter or 1 
lligram at about 30 meters. This unit can therefore be used for measuring the 
samma-ray activity of feebly active samples and also to detect slight contamina- 
n due to spilled or broken radium preparations. It also makes a very sensitive 
levice for locating lost radium. Since it is operated entirely from dry batteries 
yinted in the case it can be used anywhere. The total weight is 13 pounds. 


CONTENTS 


I. Introduction 
. Description of circuit - 
Ill. Geiger-Miiller tube_ 
[V. Mounting for the unit 
Sensitivity - 


I. INTRODUCTION 


Situations frequently arise where it is desirable to measure feeble 
}gamma-ray activity under conditions where alternating-current 
mains are not available for power supply for Geiger-Miiller tube 
counters. Examples are measurement of radium ores in their original 
location, detection of lost radium, and in surveys of radium dial 
painting establishments to detect. concealed deposits of luminous 
powder which have accumulated over long periods of operation and 
may become a hazard to the health of the workers. A simple, com- 
pact, and sensitive device of this kind is described below, which is 
} operated entirely from dry batteries contained in the case of the 
instrument. 


II. DESCRIPTION OF CIRCUIT 


The wiring diagram of the control circuit for operating the counter 
is shown in figure 1. The Neher-Harper ' circuit is incorporated in 
the first stage to permit the use of a large counter to increase the 

ensitivity and decrease the time required for observations, which is 
setae by the high counting rate which this circuit permits. The 
counter pulses from the Neher- Harper circuit are amplified and 
lev eled i in amplitude in the second stage. The third stage is a rectifier 


Phys. Rev. 49, 940 (1936). 77 
9 
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which enables the condenser, C;, to be charged by the rectified pulses 
As soon as the voltage on this condenser reaches the flashing voltgo, 
of the neon lamp, N, shunted about it, the condenser is discharge, 
which impresses a voltage pulse on the grid of the last tube actuatips 
the Cenco counter, Z. Thus the circuit serves to integrate the pulse: 
and a wide range of ratios between the number of Geiger-\Mjj), 
pulses and counts registered by the Cenco counter can be obtained }) 
adjusting the constants of the input to the last stage. 























Figure 1.— Wiring diagram of integrating amplifier for Geiger-Miiller counter. 
G, Geiger-Miiller tube; Z, Cenco counter; N, T4% lamp. 


Circuit constants are as follows: 
Ri, Rs=20 meg. C;, C2=0.0001 mf. Bi 
Ri=5 meg. Bi to 15 v. 
R3=1 meg. C3, Ci=0.01 mf B; to 30 v. 
Ry=1 meg. B,=90 v. 
Re=10 meg. Bs=45 v. 
H V=405 to 450 v. 
(Eveready X~-180) 


6 Vv. 
10 
15 


Since observations must be continued over a considerable time t 
secure reasonably accurate measurements, the natural variations 0! 
the flashing voitage of the neon lamp are averaged out quite ade- 
quately since at most these variations are of the order of 1 percent 
Thus the neon lamp introduces no noticeable error into the fina! 
results, which from their nature under usual conditions do not exceed 
an accuracy of 2 or 3 percent. 


III. GEIGER-MULLER TUBE 


One obstacle to the satisfactory design of portable counter units 
with self-contained power supply in the past has been the high voltage 
usually about 1,200 volts, required for operation of the Geiger-Miiller 
tube counter. Recent work in this laboratory has shown that It is 
possible to operate counters up to 5 or 6 cm in diameter, containing 
gas at 6- or 7-cm Hg pressure, at voltages between 450 and 650 volis. 
This reduction in voltage has been obtained by using a mixture 0 
argon and hydrogen in the tube. There seems to be a fairly critica 
ratio of hydrogen to argon at which the counting voltage is muc: 
lower than for either gas alone at the same pressure. This condition 
has been obtained by trial in the counters we have made so that we 
have no exact information as to the proper proportions of the two gases. 
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case, showing the location of batte s and integrating 
ampl fle 














External view of completely assembled instrument with Geiger-Miille 
tube mounted in lighttight cylinder on top of the case. 
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Another recent development due to Duffenback, Lifschutz, and 
Slawsky ? has made possible the production of tube counters with 
exceptionally stable characteristics and remarkably flat ‘“plateaus.”’ 
Our procedure has varied somewhat from that recommended by these 
authors. We find it sufficient to pass a feeble alternating-current 
discharge between the wire and cylinder of individual counters using 
hydrogen which is frequently changed, as recommended by them. 
“An example of the operating characteristics of a counter prepared 
in this way and filled with a hydrogen-argon mixture at 7-cem Hg 
pressure is shown in figure 2, which shows the variation of counting 
rate with voltage. The diameter of the outer cylinder, made from 
i)0-mesh copper gauze, as recommended by Evans,’ was in this case 
4.5em. Tests made in the Bureau’s laboratory have verified the in- 
crease in sensitivity over a smooth metallic cylinder, which Evans 
reports. Referring to the curve in figure 2, it can be seen that the 
flat part of the curve from about 500 to 650 volts is very nearly hori- 
zontal. The counting rate in this range is therefore practically inde- 
pendent of voltage. This is equally a test of the linearity of the 
integrating circuit since pulses delivered to the integrating condenser 
must be sensibly equal to obtain a plateau of this type.‘ 











i i 


500 550 600 VOLTS 


Figure 2.—Curve showing variation of counting rate with voltage for Geiger- Miller 
tube when used in the integrating circuit shown in figure 1. 








Counters of this type, sealed in Pyrex, have been in use over a 
year without appreciable change in sensitivity or operating character- 
tics 
istics. 


IV. MOUNTING FOR THE UNIT 


Recent developments in commercial dry batteries have provided 
{5-volt units of exceptionally light weight, in the neighborhood of 
2 ounces. Consequently, it is quite possible to inclose the batteries 
indicated in figure 1 within the case for the integrator circuit. The 
mounting and inclosure used for one of our units 1s shown in figures 3 
and 4, which are photographs of the complete unit. Figure 3 shows 
the compartment inclosing the batteries and integrating circuit open, 
and figure 4 shows the compartment closed ready for use. The 
counter is mounted horizontally inside a tubular aluminum shield. 
The total weight is 13 pounds. 


1 Phys. Rev. 5%, 1231 (1937). 

' Rev. Sci. Instr. 7, 444 (1936). 
,,| Attention must of course be given to the batteries, as they deteriorate with age. Instead of checking 

em by a voltmeter, which does not necessarily indicate their open circuit voltage, it is better to test the 
instrument as a unit by a radioactive preparation of known magnitude. The National Bureau of Stand- 
ards is prepared to issue feeble standards for this purpose. 
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V. SENSITIVITY 


The sensitivity of this unit, using a 100-mesh gauze counter 45 
by 25 cm, is such that 1 microgram of radium at 1 meter increases 
the rate of the Cenco counter by about 12 counts per hour. Thy; 
this instrument can readily be used to detect radium ores and stray 
deposits of luminous powder in radium dial painting plants. It also 
may serve as a very sensitive detector for lost radium preparations of 
the type used for cancer treatment. An unshielded preparation of 
1 milligram of radium can be detected at 25 to 30 meters. Therefore. 
the presence of lost radium can be determined readily, even when 
lodged in inaccessible locations. The complete portability of the 
instrument makes its use convenient and enables explorations over 
large areas to be made with ease. 


The author acknowledges the help of A. V. Astin in connection 
with the details of the integrating circuit, and the assistance of B. W. 
Brown and L. L. Stockmann in constructing and testing the complete 
unit. 


WasHINGTON, September 30, 1938. 
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CONCRETE AS A PROTECTIVE MATERIAL AGAINST HIGH- 
VOLTAGE X-RAYS! 


By George Singer, Lauriston S. Taylor, and Arvid L. Charlton 


ABSTRACT 


A description is given of relative X-ray-transmission measurements on a group 
specially prepared concrete specimens and commercial building blocks selected 
to sample the concrete mixes and cover the range of concrete densities in common 
‘It was found that the lead equivalent of any concrete was an increasing 
function of its mass per unit area and independent of the nature of the mix. 
Relations between lead equivalence, density, mass, and thickness are given, 
from which the thickness of concrete necessary for adequate protection can be 
calculated for any voltage in the voltage interval 200 to 400 kv. 


use. 
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I. INTRODUCTION 


Within the past few years the highest excitation potentials com- 
monly used in X-ray therapy have been raised considerably above 
the 200-kv limit of 15 years ago; 400-kv equipment is now commer- 
clally available, and there are numerous X-ray generators of various 
types ope rating at potentials between 400 and 1,000 kv. There has 
3 a corresponding extension in the application of X-rays to the 

nspection of metals, and in the use of X-radiation as a scientific tool 
in the physical laboratory. With this trend, the need for adequate 
protection of personnel against very penetrating radiation has be- 
come more urgent than ever. 

Lead has been the most commonly used protective material, both 
in metallic form as sheet lead and lead shot and in combination with 
other materials, as in lead-rubber and X-ray protective glass. For 
the most penetrating X-radiation available a few years ago, no other 


' Preliminary report presented at Fifth International Congress of Radiology, Chicago, September 1937. 
783 





784 Journal of Research of the National Bureau of Standards jv, 


‘ng material compared at all favorably with lead excep; 
arium, and the usefulness of the latter was limited by practical] 
difficulties in making a homogeneous barrier. For this reason, the 
Advisory Committee on X-ray and Radium Protection has made ql] 
recommendations for X-ray protection * in terms of lead and has 
recommended that the effectiveness of all other materials be measure; 
by their lead equivalents. In table 1 are given the recommended 
lead barriers for direct X-radiation excited by potentials up to 69 
kv—the present voltage limit of the recommendations. The recom. 
mendations of the committee are given in columns 1 and 2 of table |. 
Column 3 has been added to show the approximate weight per square 
foot of lead barrier recommended in column 2. The weight of the 
required barrier is seen to increase so rapidly with increasing excita. 
tion potential that above 200 kv the cost of lead for such a barrier be. 
comes very high and the problem of supporting the required lead mags 
becomes serious. 


TaBLE 1.—Mass of lead barrier for adequate protection 
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1 Approximate. 


One possible solution is to make the protective barrier of a material 
which is self-supporting. Concrete suggests itself at once. In any 
case, however, for radiation of a given quality, the mass of an adequate 
concrete barrier will always be greater than that of a corresponding 
lead barrier; but since the concrete is self-supporting and relatively 
inexpensive, this increase in weight is not particularly objectionable 
except in the case of installations in existing buildings unable to 
withstand the additional loading. 

Such data* as have been published on the lead equivalence of 
concrete are old and are confined to X-ray excitation potentials not 
exceeding 200 kv. It is the purpose of the present paper to give the 
results of measurements on a series of concrete samples and com- 
— building blocks for X-ray potentials ranging from 200 to 
400 kv. 


2? Handb. BS (1936) H20. 

2G. W. C. Kaye, Roentgenology (Paul B. Hoeber, Inc., 1928), p. 95; Brit. J. Radiol. 28, 158 (1937). 
“- and Owen, Proc. Phys. Soc. 35, 33D (June 1923). 

C. B. Braestrup, Am. Architect (September 1929). 
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Concrete as X-Ray Protective Material 


II. METHOD 


The lead equivalent of each concrete sample was obtained by direct 
comparison with sheet lead, 99.9 percent pure, meeting Federal 
specifications for grade A lead. The method used is essentially that 
previously described for determining the lead equivalence of “X-ray 
slass.! The experimental arrangement is shown in figure 1; for com- 
plete constructional details of the X- -ray tube, ionization ‘chamber, 
0 current-measuring system, the original paper describing this 
apparatus should be consulted.* 
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Ficure 1.—Diagram of apparatus used in determining the lead equivalent of concrete. 


The beam of radiation, bb’, emerges from the tube at an angle of 
90 degrees to the tube axis, and after passing through the concrete 
test cylinder shown, enters the ionization chamber, c. The cross- 
section of the beam is limited by the four diaphragms shown. The 
resulting ionization current, after amplification, is measured by direct 
deflection of a high-sensitivity galvanometer in the output of the 
amplifier. When measuring radiation through heavy protective 
barriers the residual ionization current due to scattering, radioactive 
contamination, and cosmic radiation, is a considerable fraction of the 
total current measured. For such measurements requiring the 
highest sensitivity, a rate-of-drift method is used in order to get the 
benefit of a time average for this background radiation; this average 
remains fairly constant and affects alike the measurements of the 
standard filters and test specimens, so that, as a rule, no zero correction 
in the ionization readings is necessary. 


III. DESCRIPTION OF CONCRETE 


The concrete specimens on which tests were made were selected so 
as to cover adequately the types of mixes and range of densities most 
commonly used. These specimens fall into two classes, (a) the first 
consists of a group of especially prepared test specimens;* (6) the 
second consists of a group of solid building blocks which were obtained 
on the market. Tables 2 and 3 give data on all specimens. 


‘ George Singer, J. Research NBS 16, RP 870, 1936. 
'L. 8. Taylor, G. Singer, and A. L. Charlton, J. Research NBS 21, 19 (1938) RP 1111. 
| Weare inde bted to John T ucker, Jr., of the ‘Cement Section of the National Bureau of Standards, who 
selected the test samples and under w hose supervision they were prepared. 


107462—38——-6 
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TABLE 2.—Prepared concrele specimens 
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TABLE 3.—Solid building blocks 





Specimen Dimensions Density | 
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1. PREPARED SPECIMENS 


Three types of specimens were prepared. Specimens N and NN 
were made of neat cement of normal consistency (24 percent o! 
water). Specimens G were nominal 1:2:4 mixes, the exact cement- 
sand-gravel proportions being 1:2.2:3.8,. respectively, by weight. 
Potomac River sand (quartz), fineness modulus 3.1, was used as fine 
aggregate. Potomac River gravel (quartz), size No. 4 to 1% inches, 
was used as coarse aggregate in mix G, and Potomac River sand and 
West Virginia limestone in mix L. In mix L the sand—coarse-aggregate 
ratio was adjusted to give maximum density for the mix with the 
size limestone (No. 4 to % in.) that was available. The proportions 
of mix L were 1:3.6:2.4. . 

The specimens were cylinders 6 or 8 inches in diameter and approx- 
mately 4, 6, or 8 inches in thickness, the thickness in all cases was not 
more than the nominal diameter. , They were kept in molds for 24 
hours, then stored in a moist room for 3 weeks, after which they 
were permitted to dry slowly in laboratory air until tested. The 
gravel concrete was made in three wetnesses. The wettest specimen 
had as much water as should be used in ordinary construction; the 
driest was of a consistency that could be used for very special work, 
in which the extra cost of spading, rodding, and tamping the concrete 
into the form would be justified by the increase in desirable properties 
which could be obtained by this rather dry concrete. 
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2. BUILDING BLOCKS 


In addition to the prepared samples, three different building blocks 
were tested. These are listed in table 4. These blocks were part of 
a purchase of several hundred made from a manufacturer and con- 
tractor in the vicinity of W ashington for use in the construction of 
protective barriers for the 400-kv X-ray generator of the National 
Bureau of Standards. Block B4 was a solid block of rectangular 
cross section; blocks B6 and B8 had the horizontal cross section of the 
usual three-web building block but were solid, that is, the two cylin- 
S drical cores ordinarily used in making three-web blocks were omitted. 
; The nature of the mix was not known except that in accordance with 
S the usual commercial practice the mix was made sufficiently dry to 
permit prompt removal of the blocks from the machine molds, the 
ideal mixture for blocks being that which will barely retain its shape 
when the forms are removed immediately after the concrete has been 
| deposited and pressed into shape. This is a great deal drier than the 
F mixtures ordinarily used in poured concrete. 


TaBLe 4.—Lead equivalent of concrete 
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IV. RESULTS 


1. VARIATION OF LEAD EQUIVALENT WITH X-RAY VOLTAGE aAnp 
THICKNESS OF CONCRETE 


The lead equivalent of each sample was determined at each of the 
following excitation potentials: 200, 250, 300, 348, and 400 ky. No 
beam filter was used, the only filter being 2 mm of copper and 10 mm 
of aluminum inherent in the X-ray tube. 

The results of these tests are tabulated in table 4 and are plotted 
in figures 2, 3, and 4. It is apparent from these data that the lead 
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Ficure 2.—Variation of lead equivalent of a concrete barrier with thickness 
See table 4 for description of specimens, 


equivalent of a sample of given density depends not only on its 
thickness but also on the X-ray excitation potential as well, anc 
above 200 kv.’ increases with both. 


2. VARIATION OF PROTECTION COEFFICIENT WITH DENSITY 


Figure 5 is a typical plot of the protection coefficients * as a fune- 
tion of density for samples of approximately equal thickness. The 
samples of figure 5 were cylinders approximately 4 inches thick; 

7 The complete curve showing the lead equivalent of concrete as a function of the excitation potential bes 
a minimum ¢t approximately 200 kv and alow maximum at about 100kv. However, the portion of the curve 
below 200 kv is of little practical value. ; Bhat fs 

8 “Protection coefficient” has been defined gs follows by the American Advisory Committee on X-ray 50¢ 
Radium Protection: rr 

“The protection coefficient of a material is the ratio of the thickness of lead to the thickness of the materia 
which absorbs a given X-ray beam to the same extent.” 
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Figure 3.—Varietion of lead equivalent of a limestone concrete barrier with thickness. 


See table 4 for description of specimens. 
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Ficure 4.—Lead equivalent of concrete building blocks plotted against thickness of 
blocks. 


See table 5 for description of specimens. 
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similar plots were made for samples 6 and 8 inches thick. The lines 
were drawn so as to pass through the origin of the coordinate syste 
as they would do if the protection coefficient varied linearly with the 
density of the concrete. It appears that within the experimenta| 
error of the measurements the points do fall on the lines so drawy 
and we may, therefore, conclude that within this quality range the 
protection coefficient of concrete is directly proportional to the density 
of the concrete. It follows that in this range the components of the 
concrete mix do not directly affect the protective quality of the ma- 
terial aside from their effect on the concrete density. In figure 5. 
four different concrete mixes are included: Two specimens are neat 
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FicurE 5.—Variation of protection coefficient of 4-inch concrete test cylinders with 
density of specimens. 


cements, one is a limestone concrete, three are gravel concretes, and 

two are building blocks of unknown composition; yet the observed - 
differences in their protective coefficients can be explained simply in ro 
terms of their densities. oon 


3. THICKNESS OF CONCRETE REQUIRED FOR PROTECTION thi 


Since there are no striking differences in the lead equivalents 0! 
samples of equal density but varying composition, there is no particu- 
lar advantage in making tests on many different samples; and, there- at 
fore, all subsequent measurements extending these tests to lead anc 


Y 


equivalents greater than the recommended lead thicknesses were con- 
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fned to two groups of samples designated as G (density 2.36) and B 
building blocks, density 2.0 to 2.19). These data are summarized 
in table 5 and are plotted in figures 6 and 7. In these figures the 
intersection of the dotted curve with the full-line curves gives the 
thickness of this concrete required to give the degree of protection 
recommended by the Advisory Committee on X-ray and Radium 
Protection. For concrete of some slightly different density, the 
required thickness can be obtained if its density is known, since for 
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Ficure 6.—Curves for obtaining required thickness of barrier made of building 
blocks of average density 2.05 g/cm. 


samples of approximately equal thickness the lead equivalent varies 
linearly with density. However, in using figures 6 and 7 to compare 
concretes of widely different densities, it should be remembered that 
the protection coefficient of a sample depends also on the sample 
thickness. Therefore, to determine the required thickness of any 
concrete it should be compared with a concrete of greater rather than 
with one of smaller density; by making this determination in this way 
a thickness somewhat greater than that required will be obtained 
and the error resulting will be on the safe side. 
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Fiaure 7.—Curves for obtaining required thickness of concrete barrier of average 
density 2.35 g/cm’. 


TABLE 5.—Lead equivalent of concrete 
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4, VARIATION OF LEAD EQUIVALENT OF CONCRETE WITH MASS 
PER UNIT AREA 


All absorption data on concrete given above for various mixes, 
densities, and thicknesses are conveniently summarized in figure 8, in 
which the lead equivalent of a concrete barrier is plotted against the 
mass of the barrier per unit cross-sectional area. For a given voltage 
all samples in this graph fall on a single curve no matter what the 
composition, density, or thickness of the individual samples may be. 
For this reason the thickness of a concrete barrier required for adequate 
protection can be most conveniently obtained from figure 8 by use 
of the relation L=M/D, where L is the thickness of concrete barrier; 
M is the mass of barrier per unit area required to give the desired 
degree of protection—obtained from figure 8; and D is the density of 
the concrete used. 

As has already been noted, the curves in figures 6 and 7 must be 
used with caution when the density of a given concrete is widely 
different from those used as standards in these two graphs. It is clear 
that no such precautions are necessary in making the same determina- 
tion by means of figure 8 and for this reason its use is recommended. 


5. CONCRETE-LEAD MASS RATIO 


In figure 8 the dotted curve is for metallic lead; this is included for 
the purpose of comparing the mass of a concrete wall with that of a 
lead barrier providing equivalent protection. Table 6 contains a 
summary of such a comparison for 200-, 300-, and 400-kv radiation. 

In column 5 of table 6 there are given the ratios of the mass of a 
concrete barrier to the mass of its lead equivalent. The ratio is high 
at the lower excitation potentials; at 200 kv an adequate concrete 
barrier has about 12 times the mass of its lead equivalent, while at 
400 kv the concrete barrier has only 3.5 times the mass of an equivalent 
lead shield. 

TaBLE 6.—Concrete-lead mass ratio 
— 
| Mass perunitarea | 
Recom- | Mass of concrete 


Int i< > >» _ ———— ——$—$——— _ 
Potential yor eng ane of aad 
| ] ¢ wi 
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mm 
0 
9.0 
15.0 


V. CONCLUSION 


_ Since the protection coefficient of concrete increases rapidly with 
increasing excitation potential, the thickness of the concrete barrier 
which will provide adequate protection at, say 400 kv, is not very 
much greater than that required to give the same degree of protection 
ita much lower voltage. So, from figure 6, we see that for the build- 
ng blocks tested, a barrier about 30 em (11.8 in.) is adequate at 400 kv, 
while at 200 kv the thickness required is about 22 cm (8.7 in.). Sim- 
larly, from figure 7, the thickness of concrete required at 400 kv is 
about 26.5 em, while the required thickness at 200 is 22 cm. 
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Figure 8.—Lead equivalent of any concrete barrier as a function of the mass of the 
barrier per unit cross-sectional area. 


In both cases the additional thickness required in going from 200 to 
400 kv is small and a barrier providing adequate protection at 4 
given excitation potential will also be adequate at a lower voltage. 


WASHINGTON, July 20, 1938. 
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ON THE ACCURACY OF RADIO FIELD-INTENSITY 
MEASUREMENT AT BROADCAST FREQUENCIES 


By Harry Diamond, Kenneth A. Norton,* and Evan G. Lapham 


ABSTRACT 


This paper presents a discussion of errors commonly encountered in radio field- 
intensity measuring sets operating at broadcast frequencies. Data are given to 
ndicate the magnitudes of the different errors existing in typical commercial 
measuring sets, and an estimate is presented of the probable accuracy of measure- 

nt attained. Of the several errors, the one resulting from the simplifying 
assumption that a loop antenna has the same voltage step-up for a distributed 
induced voltage as for a lumped voltage introduced at its center is often the most 
serious. An analysis is given to show how this error arises and an expression is 
lerived for taking it into account. A method for eliminating this error, suggested 
by Baker and Husley, is discussed, and data are given illustrating the efficacy of 
this method. Other means for limiting this error are also discussed. 
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I. INTRODUCTION 


The increasing interest in the quantitative determination of the 
service area Of broadcast stations, coupled with a more rigorous ap- 
proach to the derivation of radio-wave attenuation formulas, has 
resulted in a twofold interest in the accuracy of radio field-intensity 
measurements at broadcast frequencies. This interest has been 
reflected in the increased number of measuring sets calibrated at the 
National Bureau of Standards during the past few years. In general, 
the sets tested employed one of three methods of measurement and 
were found to be subject to typical errors, characteristic of these 
methods. This paper presents the results of a critical study of the 
iagnitude of the errors encountered with the three different methods; 
consideration of these errors is restricted to operating frequencies 
below 1,600 ke/s, and to field intensities ranging from 100uv/m to 0.1 
v/m, 


ee ’ * : . 7 P ® . — 
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The nature of the errors likely to be involved may best be under. 
stood from consideration of the manner in which the measuremen; 
of the field voltage induced in the loop antenna is made in the three 
methods. In one method, the first detector of a superheterodype 
receiver, used in conjunction with a voltage-attenuator connected 
between the detector and the intermediate amplifier, constitutes the 
voltage determining means. The detector is first calibrated at high. 
voltage level in a low-frequency calibrating circuit. A comparison 
is next made between the voltages developed across one-half of the 
loop antenna by the field being measured and by a local voltage of 
identical frequency inserted at the center of the loop antenna and 
adjusted to give the same current in the plate circuit of the detector 
as that given by the low-frequency calibrating voltage. The voltage 
step-up, or Q-factor, of the loop antenna is then measured by a similar 
comparison between the local voltage applied directly to the detector 
input and the voltage it develops across one-half the loop antenna by 
virtue of resonance. From these two measurements, the field voltage 
induced in the antenna may be computed. 

In the second method of measurement, the voltage-determining 
means consists of a voltage generator and attenuator for introducing 
at the center of the loop antenna a known voltage of the same radio 
frequency as the field voltage. Equality of the two voltages is 
determined by using the receiving set as an uncalibrated vacuum-tube 
voltmeter, usually connected across one-half of the loop antenna. 
The third method of measurement differs from the second in that the 
calibrating voltage is of fixed value (high level) and is compared with 
the induced field voltage by means of the first detector of a superhetero- 
dyne receiver used in conjunction with a voltage attenuator connected 
between the first detector and the intermediate amplifier. In 4 
commercial equipment employing this method the gap between succes- 
sive steps of the voltage attenuator is spanned by a linear output- 
indicating system comprising a half-wave rectifier and indicating 
meter. 

It will be evident that the following factors may influence th 
correctness of the measured field voltage in one or all of the three 
methods considered: (a) incorrect calibrating voltage; (b) nonlinearit) 
of the detector and of the output indicating system; (c) incorrect 
voltage-attenuator design; (d) stray voltages induced in the loop 
antenna by the calibrating oscillator or from other portions of the set; 
(e) regeneration in various portions of the set; and (f) inaccurate 
introduction of the calibrating voltage because of unbalance of the 
loop antenna. The accuracy of field-intensity measurements will be 
affected by the cumulative error in the voltage determination and, 11 
addition, by two other possible errors which we shall term: (g) the 
proximity effect, and (h) the distributed-capacitance effect. The 
proximity effect consists in the distortion of the measured field 
caused by the set container or by other objects near the loop antenna; 
for example, a portion of the automobile in which the set may be 
installed. The distributed-capacitance effect consists in the difference 
produced by the distributed capacitance of the loop antenna in the 
effective voltage step-up of the tuned loop-antenna circuit for the 
distributed field voltage and for the lumped calibrating voltage. _ 

The distributed-capacitance effect appears to have been givell 
scant consideration in the design of commercial apparatus. The error 
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in the measured value of the Q-factor, caused by the distributed 
capacitance, is a function of the ratio of the operating frequency to 
the natural frequency of the antenna. In some commercial sets, in 
which the loop antennas operate near their natural frequencies when 
in the upper portions of their frequency ranges, the distributed-capaci- 
tance error is of the order of 15 percent. An analysis of this error is 
civen in the paper together with a derived expression for the correction 
factor to be applied in order to compensate for it. The computed 
factor agrees well with experimental results. 


I]. MAGNITUDES OF ERRORS IN TYPICAL COMMERCIAL 
EQUIPMENT 


In this section are presented data on the magnitudes of the several 
errors as Measured in commercial equipment typical of the three 
methods of field-intensity measurement described. Based on these 
data, an estimate is given of the absolute accuracy of apparatus 
representative of each of the three methods. 

In the measurement of several sets of a commercial type employing 


the first method, the following errors were detected. An error of up to 


1 


6 percent was caused by harmonics in the 1,000-cycle calibrating 
voltage and by a change in the detector grid bias (from its operating 
value), when the calibrating circuit was turned “‘on.”’ An error of up 
to 16 percent was caused by nonlinearity of the detector; the departure 
from linearity was found to vary with operating frequency in several 
sets because of the variable voltage introduced in the detector plate- 
circuit by the heterodyne oscillator. In one set, faulty neutralization 


of the detector (produced by an unbalance in the modulating circuit 
due to a poor electron tube) caused an error of up to 5 percent. Leak- 
age from the local oscillator was of negligible order unless an attempt 
was made to use low-level calibration of the detector; in the latter 
case an error of up to 5 percent was produced in the measurement of the 
(Q-factor, depending upon the orientation of the loop antenna. An 
error of up to 8 percent was introduced by the effect of the distributed 
capacitance of the antenna upon the measurement of its Q-factor; in 
this particular design the limited operating frequency range of each 
loop antenna (2.2 to 1) resulted in limiting the maximum value of this 
error to 8 percent. The distortion of the field by the set container 
was found to be responsible for an error ranging from 0 to 10 percent 
as the orientation of the loop antenna was varied from a plane per- 
pendicular to the longitudinal axis of the container to a plane con- 
taining this axis. Errors of types (c) and (f) were found to be negligible. 

In estimating the absolute accuracy of measurement for this 
method, consideration must be given to the difference in sign of 
several of the errors and the variation of several with the operating 
frequency. The absolute accuracy appears to be not greater than 
20 percent for stock equipment. However, an accuracy of 5 percent 
may be attained if the following precautions are taken: correction of 
possible maladjustments of set; positioning of the set to provide for 
optimum orientation of the loop antenna or use of an extension 
fitting to raise the loop antenna appreciably above the set: measure- 
ment and application of a correction factor for the nonlinearity of the 
lst detector; and application of a correction factor for the distributed- 
capacitance effect. 
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The accuracy of the second method of field-intensity measuremey; 
discussed, depends largely upon the accuracy of the calibrated yo}. 
age generator. Since commercial equipment of this type is available 
with an accuracy of +3 percent up to 3,000 ke/s, this method com. 
bines simplicity of manipulation with accuracy of the voltage-deter. 
mining means. Other possible sources of error with this method ar 
(d), (e), (f), (g), and (h) of the enumeration in section I. The erro; 
of type (h) is present in this method, even though a Q-factor measure. 
ment is not explicitly made, because the distributed field voltage anq 
the lumped calibrating voltages are stepped-up differently by reso. 
nating the loop antenna prior to comparison. ; 

In a number of sets employing this method which were tested, errors 
of types (d), (e), and (f) were generally found of negligible order, |) 
several sets, mounted on automobiles with the loop antennas extend- 
ing above the top, errors of type (g) were up to 20 percent in magni- 
tude and varied with the orientation of the loop antenna with respect 
to the automobile. One set which employed a single loop antenna 
to cover a frequency range of from 550 to 1,550 ke/s had an error 
of type (h) equal to 12 percent at the upper frequency. In general, 
sets of this type have a probable over-all absolute accuracy of not 
better than 15 percent. (This neglects the proximity error caused 
by installation in an automobile.) When a correction factor is ap- 
plied for the effect of distributed capacitance of the loop antenna, a 
probable absolute accuracy of about 5 percent appears reasonable. 

The sets tested, representative of the third method of field-intensity 
measurement, were of identical manufacture. The following errors 
were detected. Errors in the calibrating voltage ranged up to 5 per 
cent. One set showed an error caused by nonlinearity of the first 
detector up to 5 percent; the other sets were free from this error. 
The voltage attenuator was in general accurate to within the limits 
of measurement, that is, 2 percent. However, individual steps of 
the attenuator were found to be in error up to 10 percent in two of 
the sets. The output indicating system was in general linear within 
2 percent, provided that the lower sixth of the indicator scale was not 
employed. However, in two sets, aging of the output meter produced 
errors up to 8 percent. Errors of the types (d) and (e) were found to 
be of negligible order. Incorrect setting of the antenna balancing 
condenser in one set produced an error of type (f) ranging up to | 
percent at 1,500 ke/s. This type of equipment employs a single loop 
antenna to cover the frequency range of from 550 to 1,550 ke/s and 
hence is subject to a material distributed-capacitance error at the 
upper frequencies; the magnitude of this error was found to be 1) 
percent at 1,500 ke/s in all of the sets tested. . 

The over-all absolute accuracy of this equipment may be estimate: 
at not better than 20 percent. After application of a correction factor 
for the distributed-capacitance effect, the probable accuracy becomes 
about 10 percent. An absolute accuracy of 5 percent may be attained 
by correcting for such errors as may be present in the calibrating 
voltage, in the introduction of the calibrating voltage, in possible 
nonlinearity of the detector, in individual steps of the voltage attent- 
ator, and in the output indicating system. 
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Lapham 


III. ANALYSIS OF EFFECT OF DISTRIBUTED 
CAPACITANCE OF LOOP ANTENNA 


The importance of the difference in the Q-factor of the loop antenna 
for a distributed induced voltage and for a lumped voltage at its center 
has been indicated in the previous section. The availability of an 
exact correction factor which could be employed to take this effect 
into account would increase the absolute accuracy of commercial 
radio field-intensity measuring sets to an appreciable degree. An 
analysis of the underlying phenomenon leading to the derivation of 
the correction factor follows. 

As already indicated, the difference in the Q-factor arises from the 
distributed capacitance of the loop antenna. Because of the dis- 
tributed capacitance, the current is different in different portions of 
the loop antenna. The nature of the effect of the distributed capaci- 
tance upon the current distribution in a tuned loop antenna (and upon 
the distribution of the equivalent effective resistance) was given in 
several papers by Breit ' in 1921 and 1922. 

Breit showed that the current distribution at resonance is independ- 
ent of the distribution of voltage and is the same as if the system were 
nondissipative. The latter point leads to the conclusion that the 
current distribution is also independent of resistances introduced at 
various points along the loop antenna and enabled Breit to measure 
the current distribution in several loop antennas by the resistance- 
variation method. In an unpublished thesis submitted to the Uni- 
versity of Minnesota in 1928, Bailey ? proved this conclusion experi- 
mentally. 

Proceeding with Breit’s theory, the currents at any two points, 1 and 
2, along a loop antenna are related by eq 1 below, which is based on the 
equality of power at the two points. (The resistances R, and R; may 
be defined as the equivalent resistances at points 1 and 2). 


4y_ Ry 
Placing ¢2= Ryie, and substituting for 7, in eq 1, we have 
oe [Ra camo (2 
 R, \ hk, 1 


Hence, the relation between the current (i9) which enters the effec- 
tive tuning condenser as a result of a lumped voltage (e,) inserted at 
the center of the loop antenna is given by eq 3, 


(1) 


Em 


= TRB. (3) 


In this equation, Ry is the equivalent resistance of the loop antenna 
at its grid end and R, is the equivalent resistance at its center. (The 
significance of the terms ip and e,, will appear from figure 1(a), which 
| Corresponds substantially to the circuit arrangement employed in each 


ne 


'G. Breit, The distributed capacitance of inductance coils, Phy. Rev. 17, 649 (1921). 


G. Breit, High frequency resistance of inductance coils. BS Sci. Pap. 17, 569 (1922) S430. 


~ Stuart L. Bailey, The characteristics of the coil aerial as used with radio signal intensity measuring apparatus. 
hesis for degree of Master of Science, submitted to University of Minnesota (June 1928), 
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of the three methods of field-intensity measurement discussed.) F 
a uniformly distributed voltage (e,-dx) induced per elementary len; 
(dx) of wire 
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ies where R, is the equivalent 
resistance at the point 
along the wire. 
a Now, in each of the meth- 
ods of measuring field 
9-f a intensity discussed in the 
ist foregoing section, % corre- 
DETECTOR sponding to the lumped and 
distributed voltages is ad- 
justed to equality and the 
assumption 1s made that for 
this condition, writing h, for 
the effective height of the 
loop antenna and e for the 
field intensity 




















TUNING CONDENSER 


Cm=[Ser > dr=h. (5a 


instead of the actual rela- 
tionship from eq 3 and 4, 
namely, 


7a 
Cm | Cx Rr dx (od 


Therefore, a certain factor 
must be applied to the value 
of ém in order to determine 
the true value of the induced 
voltage. This correction 
factor, derived from the ap- 
proximate expression (eq 
5a) and the correct expres- 
sion (eq 5b), is defined by F 
(b) in the following equation: 
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TURNS ALONG LOOP ANTENNA 


FiagurE 1.—Arrangement of balanced loop an- 
tenna in the methods of field-intensity measure- 
ment considered, and current distributions for 
two conditions of antenna balance. 


which may be written by using eq 1: 


, fee: = - dx 


FP fe,- dz 
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Now, if the induced voltage per elementary length is assumed inde- 
endent of x (that is, is uniformly distributed), we have 


af 
sales ia br -dz . 
1 bm lave 


F ¢@:Sdt im 


F= tm, 


lave 


The correction factor is seen to be intimately tied up with the current 
distribution along the loop antenna. The factor F differs from unity 
to the extent that the distributed capacitance of the loop antenna 
causes the current at resonance to vary throughout the antenna. 

So far in our analysis, no consideration has been given to the actual 
current distribution along the loop antenna. To evaluate the correc- 

| factor an exact knowledge of the current distribution is required. 
erring to figure 1(b), the solid curve shows qualitatively the current 
i when the loop antenna is exactly bs alanced. The sym- 
metry of the distribution curve is lost if any unbalance of the loop 
antenna occurs. Thus, the dotted curve corresponds to the current 
distribution when the balancing condenser is reduced below its value 
for exact balance. It should be emphasized that the distribution 
curves shown apply independently of the voltage distribution; the 
atter may be uniformly distributed or introduced as a lumped voltage 
t points 1 or 2, figure 1(a). In the following derivations, exact sym- 
metry of the current-distribution curve is assumed and, hence, exact 
antenna balance. The effect of antenna unbalance will be treated 
later in this paper. 

A summation relationship equivalent to eq 6 was derived by Bailey 
see footnote 2), in an extension of Breit’s work carried on to derive an 
expression for the correction factor with which we are dealing. Bailey 
chose to work with resistance distribution because of the possibility of 
measuring the effective resistance directly. He found that the resist- 
ance distribution could be represented by an inverse parabolic curve 
and derived the following expression 


Ba 


i (10) 
1—(1-#2) 


R, 


where r=2n/N, N being the total number of turns in the loop antenna 
and n indicating the number of turns from the center. By measuring 
the terminal resistances of a loop antenna at several frequencies and 


ing ¥(R,,/R,) along only the vertical portions of the loop antenna 

ake account of the fact that the field voltage is not actually uni- 
formly d distributed along the entire loop antenna, Bailey obtained sev- 
ral values for the correction factor. Actually, the error introduced 
y assuming the voltage uniformly distributed is small for even a two- 
turn loop antenna o yf any shape and becomes negligible as the turns are 
increased to about six. Since Bailey used a six-turn loop antenna, his 


107462—38 
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factor may be calculated by using eq 6 and 10, with a negligible error, 
giving 


(11) 


However, the utility of eq 11 is limited in the practical case, since jt 
is not usually convenient to measure either Ry or Rp in commercial 
field-intensity measuring sets. A second method of attack is made 
possible by considering the following relation derived by Breit 


4 _,_(L\ , 
1, ve (;) ; (12) 


where (f/f,) is the ratio of the operating frequency to the natural fre- 
quency of the loop antenna. Assuming a current distribution to corre- 
spond with the inverse parabolic resistance distribution found by 
Bailey, it is possible to determine from eq 1, 10, and 12 the relationship 
between 7, and 7, as a function of the argument (f/f,) and thus from 
eq 8 to derive a general expression for F in terms of (f/f,). Thus, we 
have the factor expressed in terms of an argument which may be 
readily measured. The relationship for the current distribution and 
the corresponding expression for F are given, respectively, in the first 
line of the second and third columns of table 1. 

Working independently, Baker and Huxley * derived an expression 
for F as a function of the ratio of the distributed capacitance to the 
tuning capacitance of the loop antenna on the basis that the loop 
antenna may be represented as a uniform transmission line. Expres- 
sions for the current distribution corresponding to this assumption and 
for the factor F in terms of the argument (f/f)) are given, respectively, 
in the second line, second and third columns, of table 1. 

Still another possible workable assumption is to proceed from eq 8 
and 12, assuming a parabolic current distribution. Breit stated in his 
papers that this distribution corresponded approximately to his meas- 
ured values. The derived expressions for current distribution and the 
factor F, corresponding to this assumption, are given, respectively, 
in the third line, second and third columns, of table 1. 

However, none of the three relations for the correction factor was 
found to agree with many experimental determinations made in the 
process of calibrating field-intensity measuring sets at the National 
Bureau of Standards. An orderly examination of the data showed 
that the correction factor should be of the order of one-half that given 
by the transmission-line theory, and materially lower than given by 
the other two theories, particularly for the larger values of (f/f). 
Accordingly, a further examination’ of the underlying theory was 
made. Studying Breit’s analysis, it became apparent that his mathe- 
matics pointed to an elliptical current distribution even though he had 
suggested from his measured values that the distribution was approxi- 
mately parabolic. An expression for F derived on the basis of elliptical 
current distribution, was found to fit the data rather nicely. The 


3 W. G. Baker and L. G. H. Huxley, Correction to Field Strength Measurements with Loop Antennae. 
Radio Research Board of Australia Bulletin 47, Report 1, Melbourne (1931). 
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expressions for the current distribution and for the correction factor, 
“ corresponding to this assumption of an elliptical current distribution, 
civen, respectively, in the fourth line, second and third columns, 
of f tab le 1. 
It should be noted in connection with table 1, that the correction 
ctors tabulated are based on an assumption of oa distributed 
fold voltage along the wire of the loop antenna and hence are not 
exact. However, as has already been noted, the departure from 
exactness is quite small and decreases with an increasing number of 
turns in the loop antenna. In the case of the elliptical current dis- 
tribution, a two-turn square-loop antenna mounted on a side would 
have as its exact correction factor the value 


nig) —1 a 


= 1+0.030a oats 


‘ile for a two-turn square-loop antenna mounted on a corner, the 


exact factor would be 
a e 1) 


=T70.0200 (13b) 


TaBLE 1.—Expressions for current distribution and correction factor corresponding 
to the four assumptions considered 


[a=(f/fo)4 and rt =2n/N] 





Expression for current distribution 
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| 
ie distribu- | | 
| — a i+4 ae 0 

— 7? sin? 8, where — - | —_, where —-—__—— oa B 
v in" ?, WHeTS sin 6 cos ¢ cos 6 sin@cosé i—a 


cos @ cos{(1—z)¢}+sin ¢ sin{(1—zx)¢}, $_ | where - oe =l-—a 
In d an ¢ 
d 


where —— wl—a 


bolie current distribu- 


Elliptical current distribu- 


The fact tor yr rapidly converges to that given in the table, as the number 
of turns increases. Thus, for a four-turn square-loop antenna 
mounted on a side, the exact factor is 


tat 


“1+0.01la 


In figure 2 are presented plots of the factor F as a function of 
(f/f), corresponding to the four basic assumptions outlined. The 
four points of figure 2 designated by cross symbols correspond to 


(13c) 
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data derived empirically by Bailey on the basis of resistance-distrih 
tion measurements. These should check exactly the graph corre 
sponding to inverse parabolic resistance distribution; the 
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FiguRE 2.—Graphs showing the derived correction factors for the distributed-capaci- 
tance effect corresponding to four assumed distributions of current along the turns 
of the loop antenna. 


The graph corresponding to elliptical current distribution agrees well with the experimental data. 
departure is probably due to experimental errors in measuremelt. 


It will be noted from figure 2 that the assumption of elliptical current 
distribution yields values of F which are materially lower than 0b- 
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tained from the other three theories. An analysis of experimental 
rest ilts to show that this is probably the correct factor will be given 
n the following section. 

Before proceeding to the experimental results, it is of interest to 

sider the order of agreement of the several assumed current dis- 
tributions with available published values. In figure 3 are plotted 
the four current distributions considered; the ordinate scale corre- 
sponds to the ratio of the current on specific turns of a loop antenna 
to the current at the center, while the abscissa scale corresponds to the 
turns number. The plot is carried out for a 14-turn loop antenna, 
since Breit published measured current values for such an antenna. 
Breit’s values are shown by the open-circle symbols in figure 3. It 
will be seen that the curve of elliptical current distribution conforms 
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FigurE 8.—Graphs showing the current distribution corresponding to the four 
assumptions treated in the theoretical analysis. 


The open-circle symbols denote experimental values from Breit’s papers. 


most closely to the measured distribution. Further evidence for the 
probable correctness of the assumed elliptical current distribution is 
seen from figure 4. In this figure are plotted graphs corresponding 
to three of the assumed distributions, showing the variation of the 
ratio of the current at the center of the loop antenna to the current at 
its ends as a function of the operating frequency. (Because of the 
close equivalence of the current distributions for the uniform trans- 
mission line theory and the inverse parabolic resistance theory, the 
graph for the former is not included in fig. 4.) The points having 
open-circle symbols denote the values of the ratio taken from Breit’s 
published data, while the points having cross symbols are derived 
values based on Bailey’s resistance measurements. It will be ob- 
served that the case for elliptical current distribution again agrees 
most closely with the experimental data. 
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IV. ANALYSIS OF EXPERIMENTAL DATA ON 
DISTRIBUTED-CAPACITANCE EFFECT 


The ratio of the values of F corresponding to two measured valyes 
of (f/f.) may be determined on the basis of field-intensity measure- 
ments with two loop antennas operating in the overlapping portion of 
their frequency ranges. Four such determinations were made using 
three loop antennas in each of two field-intensity measuring sets and 
are plotted in figure 2. Since, for each determination, loop antenng 
A is operating near its lowest value of (f/f) and loop antenna B neg: 
its highest value, the ratio of the two field-intensity measurements 
should represent, to a first approximation, the value of F, corre- 
sponding to (f/fo),. A closer value for F’, may be obtained by taking 
a value for /, from any of the graphs of figure 2 corresponding to 
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Ficure 4.—Graphs showing the variation with frequency of the ratio of the current at 
the center of the loop antenna to the current at its end corresponding to three of the 
current distributions considered. 


The open-circle points are from Breit’s published values and the cross symbols denote values derived from 
Bailey’s resistance measurements. 


(f/fo), and increasing the ratio accordingly. In figure 2 the solid 
circles represent the results of the four determinations adjusted on 
this latter basis; the values of F’, were in each case chosen from the 
graph corresponding to elliptical current distribution. The numerals 
in the illustration serve to identify the two points for each determina- 
tion. In the first determination (1—1), the ratio of measured field 
intensities was 1.068 and the values of (f/f.) for antennas A and 5 
were 0.213 and 0.511, respectively. From the graph, F, equals 1.013 
Hence the value for F, becomes 1.0131.068=1.082. It will be 
noted that the experimental points agree very nicely with the theoreti- 
cal graph. However, had the values of F’, been chosen from one of the 
— theoretical graphs, the fit to that graph would not be nearly as 
good. 
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The open circles in figure 2 represent the values of the correction fac- 
tor F at several measured values of (f/f,) for a commercial apparatus 
which employs a single loop antenna to cover the frequency range of 
from 550 to 1,550 ke/s. (The correction factor was found to be very 
nearly the same for five sets of this manufacture.) The values were 
obtained from comparative field-intensity measurements with this 
apparatus and with a standard set corrected for the distributed- 
capacitance effect on the basis of overlapping frequency-range field- 
intensity measurements. ‘The experimental data are again seen to fit 
the theoretical graph for elliptical current distribution. 

Added experimental evidence, to show that the graph corresponding 
to elliptical current distribution probably represents the true correc- 
tion factor, will be presented in the foliowing section. 


vy. AC METHOD FOR ELIMINATING THE DISTRIBUTED- 
CAPACITANCE EFFECT 


It was first pointed out by Baker and Huxley‘ that the true Q-factor 
of the antenna for a distributed induced voltage is obtained provided 
the measurement is carried out by the condenser-variation method. 
The reason for this is that the effective resistance measured in this 
method of determining the Q-factor is the average resistance through- 
out the loop antenna. In 1935 the Federal Communications Com- 
mission designed a field intensity measuring set for service as a sec- 
ondary standard in its survey of clear-channel broadcast frequencies. 
For use in the conventional voltage-comparator method of measuring 
field intensity, the set embodied an oscillator, a number of interchange- 
able plug-in resistors and inductors, and thermoelements of different 
current ratings, for inserting known lumped voltages at the center of 
the loop antenna. The same means could be applied to calibrate the 
radio receiver as a sensitive electron-tube voltmeter. Hence, the 
(Q-factor of each of the loop antennas, corresponding to lumped volt- 
ages at the center, could be measured. In addition, the apparatus in- 
cluded a small, calibrated, precision condenser, connected in parallel 
with the main tuning condenser; this AC condenser, in combination 
with the calibrated tube-voltmeter, permitted the measurement of the 
(-factor by the condenser-variation method to a high degree of ac- 
curacy. Assuming that the latter determination yields the true value 
of Q-factor for a distributed field, the ratio of the values obtained by 
the two methods of measurement should equal the value of F cor- 
responding to the particular value of (f/f,) for which the measurements 
were made. 

To test the efficacy of the AC method for eliminating the distributed- 
capacitance effect, comparative field-intensity measurements were 
first made using the three loop antennas of the set (in pairs) at overlap- 
ping frequencies. The results showed that the effect was practically 
eliminated. Next, a series of measurements was made of the Q-factors 
for distributed and lumped voltages using the two methods just de- 
scribed. The measurements were made for the three antennas of the 
set for different values of the argument (f/f,). The ratios of the Q- 
lactors agreed quite closely with the values given by the graph cor- 
responding to elliptical current distribution in figure 2. 


re. W. G. Baker and L. G. H. Huxley, Correction to Field Strength Measurements with Loop Antennae. 
Kadio Research Board of Australia Bulletin 47, Report 1, Melbourne (1931). 
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Next, a series of measurements was made of the Q-factors by th» 
condenser-variation method using both lumped voltages and dis. 
tributed fields. For a given antenna and a given value of (f/f,), the 
Q-factor was found to be the same whether a lumped voltage or , 
distributed field was employed. 

Finally, a series of comparative”'field-intensity measurements was 
made using both the voltage comparator and the AC methods in the 
Federal Communication Commission’s set, and also a standard set of 
the National Bureau of Standards; the latter also had incorporated jy 
it means for measuring intensity by the voltage-comparator method, 
The results of the intercomparisons are shown in figure 5. 
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FicurE 5.—Graphs showing the comparison of measured values of field intensil 
by the AC and voltage-comparator methods, the latter values being corrected for 
the distributed-capacitance effect by factors derived on the basis of elliptical current 
and inverse parabolic resistance distributions. 


In the upper part of figure 5, the Bureau’s standard set is compared 
against the AC measurements. The full lines plot the ratios of the 
field intensities measured with the Bureau’s set, corrected in accora- 
ance with the factors derived for elliptical current distribution, to the 
field intensities measured by the AC method on the Commission’ set. 
The cross symbols indicate that antenna B was used on the Bureaus 
set and the open-circle symbols that antenna C was used. The 
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numbers near the lines indicate, respectively, that antenna 1, 2, or 3 
was used on the Commission’s set. It will be observed that the agree- 
ment was within 2 percent, the limit of accuracy of the measurements. 

The dotted lines in figure 5 plot the corresponding ratios of the 
measured field intensities on the — that the corrections to the 
me: noes values with the Bureau’s set are made in accordance with 
the factors derived for inverse sa Ber resistance distribution. (See 
fic, 2.) This distribution was chosen for a comparison since it 
represented the least departure from the theoretically correct ellip- 
tical current distribution. It will be seen that the agreement is not 
as good, one point being out by about 6 percent. If no corrections 
had been applied to the measurements with the Bureau’s set, differ- 
ences up to 6 percent (in the opposite direction) would have been 
btained. 

In the lower part of figure 5 the measurements with the voltage- 
comparator and AC’ methods in the Commission’s set are compared. 
The vias lines plot the ratios of the field intensities measured with the 
voltage-comparator method (and corrected in accordance with the 
factors derived for elliptical current distribution) to the field intensi- 
ties measured _— the AC method; the agreement is within 2 percent. 
Here, again, the dotted lines plot the corresponding ratios of the 
neasured field intensities with the corrections to the voltage-com- 

ator Measurements made in accordance with the factors derived 
for inverse parabolic resistance distribution. The deviation is again 
up to 6 percent. Had no corrections been applied to the voltage- 
com a measurements, differences up to 5 percent (in the opposite 
direction) would have been obtained. 

An explanation of the small errors observed for the distributed- 
capacitance effect in this intercomparison may be of interest at this 
point. Both the Bureau’s and the Commission’s sets were designed 
to limit this error by employing, respectively, two and three loop 
antennas for covering the frequency range used. In this way, the 
upper value of (f/f)) employed was kept reasonably low, below 0.5 
and 0.4, respectively. 

It will be seen that all of the experimental evidence points to the 
fact that the AC method is completely free from the distributed- 
capacitance error. 


VI. UNTUNED LOOP ANTENNA 


It is of interest to note that the effect of distributed capacitance of 
the loop antenna on the accuracy of field-intensity measurements may 
be avoided by the expedient of using an untuned loop antenna, since 
uniform current distribution is then “obtained i in the loop antenna, so 
that the correction factor given by eq 9 is unity. There is, of course, 
the attendant disadvantage of required high receiver amplific ation, 

igh set noise, etc. A set embodying this feature was calibrated at 
ie Bureau. The ratio of the measured values of field intensities with 
this set to the measured values with a standard set (after correction 
of the latter for distributed-capacitance effect) was found to equal 
1.05 +0.03, in the frequency range of from 550 to 1,600 ke/s. There 
Was no evidence of a definite trend of variation of this ratio with 
irequency. Hence, assuming that the 5-percent average difference 
was caused by some other factor, not determined in the intercompari- 
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son, the distributed-capacitance effect appears to be avoided with ay 
untuned loop antenna. 


VII. SHIELDED LOOP ANTENNA 


Another expedient for minimizing the distributed-capacitance effec; 
is to employ a shielded loop antenna. One terminal of the loop 
antenna is connected to 

ai ground rate the resistor 
across which the calibrating 

(ee eee ee voltage is applied. The 
shield and one side of the 
tuning condenser are 
grounded at the same point, 
The other terminal of the 
loop antenna and the other 
side of the tuning condenser 
are connected to the re- 


R ° 

lo | ceiver input. (See fig, 
=f - 6(a).) The calibrating volt- 
To Receewse age is thus applied in series 
(a) with the loop antenna at its 
a grounded end. The current 
=" charging the distributed 
" capacitance between _ the 
loop antenna and the shield 
is seen to pass through the 

calibrating resistor. 
& The current distribution 
Uv) along the turns of the loop 
a antenna now becomes ap- 
P mH 3 proximately as shown by 
/ eupricoan \ } graph 1 of figure 6 (b). The 
DISTRIBUTION current in any turn may be 
considered as being made 
up in part by the current 
which would exist if the 
loop antenna were un- 
shielded and balanced with 
respect to ground (graph 2 
and in part by the charging 
current for the _ effective 
TURNS ALONG LOOP ANTENNA distributed capacitance to 
the shield of the portion 
Figure 6.—Sketch and graphs showing the cur- of the loop antenna bevond 

rent distribution in an unbalanced shielded loop : : 

the turn considered (graph 


antenna having the calibrating voltage inserted : : 
at its grounded end. 3). Since the current dis- 


tribution at resonance 3s 
independent of the distribution of voltage, the current distribution 
of graph 1 will apply for both the distributed field voltage and the 
lumped calibrating voltage. An analysis of why this type of distribu- 
tion tends to minimize the effect of the distributed capacitance of the 
loop antenna follows: 
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Proceeding as in the derivation of eq 9, the current 7, through the 
tuning condenser, which is produced by the voltage e across the 
calibrating resistor, 1s 


(14) 


- é 
to=" Th? 
= TRE 


where R, and R are, respectively, the equivalent resistances of the 
loop antenna at the ungrounded and grounded ends. Hence, when e 
is adjusted to give the same value of 7 as produced by the field voltage 
(see eq 4), it has the magnitude 


R, 
é&= é [Ro.ay. 15 
‘VR, (15) 
Hence, when the assumption is made that e= fe,;.d,, the evaluated 
field intensity is too high and must be corrected by a factor which 
comes out to be equal to 
 % 
aes Sal (16) 


Lave 


Here 7 is the current through the calibrating resistor and is greater 
than the current through the condenser. (See Fig. 6.) Since the 
current 7 may be equal to the average current along the loop antenna 
(if the equivalent distributed capacitance between the loop antenna 
and the shield is of the correct magnitude) the correction factor, as 
given by eq 16, may be equal to unity. Furthermore, since the 
current distribution 1s a function of the relative magnitudes of two 
distributed capacitances, the condition of unity correction factor 
may prove to be independent of the operating frequency. 

It is of interest to note that the tendency to minimize the distrib- 
uted-capacitance effect is produced solely by the unbalanced con- 
nection of the loop antenna with respect to ground and not by the 
shield. The latter controls the value of the current 2 and its dis- 
tribution and hence determines how closely the condition of unity 
correction factor is approached. The shield, however, serves the 
important function of eliminating the vertical or antenna effect. 
For the case where the loop antenna is balanced and the calibrating 
voltage is inserted at one end, the currents at the two ends of the loop 
antenna are equal (i=%). The current distribution along the loop 
antenna for this balanced condition is given by eq 12. Substituting 
these two relationships in eq 16, we have 


F=1 (5) (17) 


which is the correction factor for the calibrating voltage inserted at 
one end of a balanced loop antenna. Here the factor is seen to vary 
with frequency. See, for comparison, the expressions for the correc- 
tion factor given in table 1 for the case where the calibrating voltage 
is inserted at the center of the loop antenna. 

The action of the antenna unbalance in minimizing the distributed- 
capacitance effect was determined in the calibration of a field-intensity 
measuring set having a shielded loop antenna with the calibrating 
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voltage applied as indicated in figure 6(a). A switch in the loop 
antenna permitted using either a 16-turn or a 12-turn connection, 
as desired. The object of the calibration was to determine the 
loop-antenna coefficients for the two connections. The results oj 
the calibration are given in table 2. The first column gives the 
operating frequency, the second column the ratio of the operating 
frequency to the natural frequency, and the third column the cor- 
responding measured values of the antenna coefficient. The latter 
is defined in terms of the field intensity, the operating frequency 
readings of the output meter and volt: age attenuator of the eg go 
constitutes a lumped factor including the value of the calibrating 
voltage and the turns area of the antenna. The fourth column oj 
table 2 gives the value this factor would have for a single-turn loop 
antenna of the same dimensions. The fifth column gives the per- 
centage deviation of the individual determinations from the average 
measured value. The trend of variation of the antenna coefficient 
with frequency is seen to be quite small, whereas the operating fre- 
quencies employed would appear to require a material correction 
factor (see eq 17) were it not for the unbalanced current distribution 
However, such trend as is noted points to the importance of checking 
individual designs for possible variation of the antenna coefficient 
with frequency. 


TaBLE 2.—Data showing negligible distributed-capacitance effect for shielded lo 
antenna 
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VIII. PRECAUTIONS FOR ATTAINING MAXIMUM 
ACCURACY 


In section II an estimate was given of the probable absolute accu- 
racy of commercial field-intensity measuring sets at frequencies below 
about 1,600 ke/s. It was shown that by applying corrections for the 
several errors likely to occur in the different methods, the absolute 
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accuracy may be stepped up from not better than 15 or 20 percent to 
, possible 5 percent. Except for errors of types (g) and (h), the 
rrors encountered are all amenable to correction on the basis of 
laboratory measurements. As was shown, errors of type (h) may be 
taken into accurate account by measuring the natural frequency of 
the loop antenna and applying a theoretical correction factor as a 


til 


function of the argument (f/ fo). Hence, where care is taken to mini- 
mize possible distortion of the field which it is desired to measure, 
measurements may, in general, be carried out to the 5-percent accuracy 
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FicgurE 7.—Graphs showing partial neutralization of the distributed-capacitance 
effect by an error introduced due to antenna unbalance. 


In the derivation of the correction factor to be applied for the dis- 
tributed-capacitance effect when the lumped calibrating voltage is 
inserted at the center of the loop antenna, it was assumed that the loop 
antenna was in exact balance. The effect of mcorrect adjustment of 
the balancing condenser (see fig. 1) will now be considered. 

In one field-intensity measuring set, the variation of the measured 
values of the correction factor as a function of (f/f) was found to be 
as shown by graph 1 of figure 7. The cross symbols represent the 
actual observations. The cause for the large departure of the measured 
values of the correction factor from the values derived theoretically 
reproduced as graph 2) was investigated and was found to be 
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unbalance of the loop antenna. The balancing condenser was found 
to be set at its minimum value. Upon adjusting it for exact balance, 
(at 1,500 ke/s) the correction factors for several values of (f/fo)were 
again determined and are given by the solid-circle symbols in figure 7. 
Note the excellent agreement with the theoretically derived factors. 

The method employed in adjusting the balancing condenser for exact 
antenna balance seemed to indicate the reason for the difference be- 
tween graphs 1 and 2. Referring to figure 1, the calibrating voltage 
was inserted alternately at points 1 and 2 for different settings of 
the balancing condenser and the corresponding voltages applied to the 
first detector were measured. With the condenser at minimum, the 
voltage appearing across the first detector corresponding to position | 
of the calibrating voltage was 10 percent smaller than that correspond- 
ing to position 2 of the calibrating voltage. With the condenser at 
maximum (25 uyf), the voltage corresponding to position 1 was 15 
percent larger than that corresponding to position 2. At an interme- 
diate value of the balancing condenser (15 uyf), the input voltages to the 
detector corresponding to the two positions of the calibrating voltage 
were equal. This is the setting for exact balance. It is of importance 
to note that the balance thus obtained differed appreciably at the 
higher frequencies from the balance determined on the basis of the 
conventional resonance method. The balance realized on the basis o| 
equality of output voltage is obviously the more fundamental in that 
it is more intimately related to the actual current distribution. 
Another interesting relation noted was that the sum of the input 
voltages to the detector corresponding to the calibrating voltage at 
the two positions was substantially constant regardless of the setting 
of the balancing condenser. ‘The significance of this relation will 
appear below. 

The facts determined by the foregoing experiment were (1) the 
field voltage, being induced in both halves of the loop antenna, pro- 
duces the same voltage across the detector input regardless of the 
setting of the balancing condenser; this was checked by actual obser- 
vations on uniform fields; and (2) the calibrating voltage, being 
inserted in one-half of the loop antenna, produces different detector 
voltages depending on the setting of the balancing condenser. At 
every setting, except that of exact antenna balance, the lead from 
the center tap of the loop antenna to ground carries current, so that 
the current distribution along the antenna exhibits a discontinuity 
at its center. (See the dotted curve in fig. 1(b). As a result an 
error is introduced by antenna unbalance (additional to the dis- 
tributed capacitance error) in equating the calibrating voltage to the 
induced field voltage. This error may be either positive or negative 
depending on the setting of the balancing condenser and upon the 
point of insertion of the calibrating voltage. 

In the case considered in graph 1 of figure 7, the balancing con- 
denser being set at minimum and the calibrating voltage inserted at 
position 1, the voltage produced across the detector was less than 
would have been produced were the condenser at its proper setting. 
Hence, a negative error was introduced which served to offset, in part, 
the distributed-capacitance effect. It is obvious that the magnitude 
of this error varied not only with the degree of antenna unbalance but 
also with the magnitude of the balancing and tube capacitances 1D 
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relation to the tuning condenser and, hence, with (f/f.). In figure 7, 
graph 3 was obtained by dividing the points on graph 2 by the corre- 
sponding points on graph 1 and should, therefore, show the variation 
of the error caused by unbalance as a function of (f/fo). The triangle 
symbols correspond to direct measurements in this error for several 
values of (f/f.). Each measurement consisted in first ascertaining the 
balance condition in the manner described and then, with the cali- 
brating voltage at position 1, determining the ratio of the voltages 
produced across the first detector corresponding to balance and 
a imum setting of the balancing condenser. The agreement witb 
oraph 3 is quite g good. 

~ Two important conclusions may be drawn from the experiments 
just outlined. First, it is important to obtain exact antenna balance 
if the derived correction factors for the distributed-capacitance effect 
are to be applied. Secondly, a deliberate unbalance of the loop 
antenna may be introduced to offset automatically a major part of 
the distributed-capacitance effect. When combined with the use of 
antennas operating at values of (f/f.) less than about 0.5, the resultant 
error may be reduced to the order of a few percent. The agreement of 
eraph 3, which was derived indirectly from two sets of field- intensity 
n easurements, with the laboratory determinations of the error due to 
antenna unbs alance (indicated by the triangle symbols) points to the 
fact that any vertical or antenna effect introduced by the unbalance 
had little influence upon the measured field intensities. 

To attain maximum accuracy, careful consideration must also be 
given to possible field distortion (i. e., error (g)). As already noted 
in section II, errors up to 10 percent were detected because of the 
distortion of the field by the set container, while errors up to 20 per- 
cent were observed by distortion of the field by the car in which the 
set was installed. Since the distortion is produced by secondary 
fields radiated from objects placed in the primary field, it is important 
to keep such objects as small as possible. There is, therefore, a 
theoretical argument for keeping the set container small, in addition 
to the practical one of portability. Where it is essential to have a 
large container or to install the set on an automobile, the loop antenna 
should be mounted as far as possible above the disturbing metal. 

Figure 8 shows the effect of a large set container and “the possibility 
of securing true measurements by placing the antenna outside of the 
portion of the field which is distorted. At the top of figure 8 is shown 
the variation in the measured field as a function of the orientation of 
the loop antenna with respect to the minor axis of the set container. 
The true value of the field is measured when the plane of the loop 
antenna coincides with the minor axis (0 to 180 degrees) ; the measured 

value i is some 10 percent too high when the plane of the loop antenna 
is along the major axis (90 and 270 degrees). In the middle of figure 8 
is shown the variation in the measured field when a small coil antenna 
is used in place of the loop antenna. The coil, being much nearer to 
the set container, is within the distorted field caused by the container; 
hence the error corresponding to the 90- and 270-degree positions is 
some 25 percent. There is seen to be practically no frequency effect 
in the amount of field distortion. When an extension fitting, approxi- 
mately 18 inches long, was used to raise the coil antenna above the 
set, the true measured value was obtained for all orientations of the 
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coil with respect to the set. See the graphs at the bottom of figure g 
Obviously, the same treatment may be applied to the mounting of g 
loop antenna on an automobile, although the height required aboye 
the car top may introduce practical difficulties. 
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FIGURE 8.—Graphs showing the effect of distortion of the field by the set container 
upon the accuracy of field-intensity measurements. 


Removal of the measuring antenna from the distorted field results in true field measurements. 


As a final point of interest, figure 9 shows the results of calibration 
of a set which exhibited errors having a marked variation with fre- 
quency. The set was mounted in a car, but since no measurements 
were made with it outside of the car, there was no evidence to indicate 
whether or not the errors were due to the car installation. However, 
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other causes for the variation of the error with frequency may include 
set regeneration, resonant circuits in the connecting leads from the 
loop antenna to the set, and induction in the loop antenna from the 
calibrating oscillator. The observations on this set indicate the im- 
portance of preliminary analysis for possible errors before embarking 
upon actual field-intensity measurements. 
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Figure 9.—Calibration of a set showing marked variation of the errors as a function 
of the operating frequency. 


IX. CONCLUSIONS 


Summarizing the data presented in this paper, the following con- 
clusions may be drawn. 

1. Commercial equipments designed for field-intensity measure- 
ments at frequencies below 1,600 ke/s provide absolute accuracies not 
greater than 20 percent unless special precautions are taken to correct 

| for the errors enumerated in section I. 
107462—-38-——_8 
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2. Of the errors listed, some are common to all the methods of 
measurement, while others pertain to specific methods. Of the 
methods discussed, the voltage-comparator arrangement is subjec 
to the least number of errors in the frequency range considered. 

The error introduced by virtue of the distributed capacitance of 
bis loop antenna is often the most serious of the several errors.  [t< 
mi — may be up to 15 percent in certain sets. 

This error may be taken into account through the use of a de. 
riv oe correc tion factor based on the assumption that the distributioy 
of current in the loop antenna is elliptical. 

The use of the condenser-variation method for measuring the 
(Q)- dation of the loop antenna will eliminate this error in the measur 
ment of field intensity. The use of an untuned loop antenns als 
serves to eliminate this error. The use of an unbalanced shie! 
loop antenna with the calibrating voltage inserted at the erounded 
ends tends to reduce this error. The magnitude of this error may 
also be limited by limiting the frequency range of each loop antenna, 
a by introducing deliberate unbalance of the loop antenna. 

. With special precautions in calibration, location of the set, 
vision of large-scale indicating instruments and operating saaads 
etc., an accuracy of measurement better than 5 percent should be 
attainable. In several sets the accuracy was found to be within 
2 percent. 


WasHINGTON, August 25, 1938. 
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CORRELATION OF AN ELECTROLYTIC CORROSION TEST 
WITH THE ACTUAL CORROSIVENESS OF SOILS 


By Irving A. Denison and Robert B. Darnielle 


ABSTRACT 


he corrosiveness of soils along a 128-mile section of a pipe-line system was 
timated from data on the occurrence of leaks and length of line reconditioned 
from the results of an electrolytic corrosion test. ‘The development of leaks 
h time as influenced by reconditioning is illustrated for soils differing in cor- 
iveness. ‘The corrosiveness of associated soils, as indicated by data on leaks 
{repairs and the results of the corrosion test, increases as the drainage becomes 
nore defic sient and as the soil becomes heavier in texture. The variation of cor- 
siveness with depth is illustrated for typical soil profiles. A rough linear corre- 
, was observed between the actual corrosiveness of the soils and the results 
the electrolytie test. The relative corrosiveness of the soils along approximately 
80 percent of the total length of the pipe-line system was correctly indicated. 


CONTENTS 


. Introduction_----- - ee 
. Des scription and classification of soils___-____- 
Analysis of data on leaks and reconditioning 
IV. Influence of soil properties on corrosiveness as indicated by 1 
quency and percentage of line reconditioned 
Y. Corrosiveness of soils as measured by an electrolytic corrosion test_ - 
1. Description of test 
2. Variation in corrosiveness with depth__--- Se eee 
3. Results of the corrosion test........................-.- 
VI. Con a of actual corrosion on the pipe lines with corrosiveness 
indicated by the laboratory test.................----- See ee 


I. INTRODUCTION 


An electrolytic test for measuring the corrosiv eness of soils has been 

revious sly described.! 2 This test consists in the measurement of the 
polarization voltage at various current densities of a specially designed 
corrosion cell, in which the electrodes are steel and the electrolyte i is 

he soil under test. The cell is constructed in such a way that the 

rocess of corrosion is similar to that in nature. The average current 
den sity corresponding to a definite range of potential is taken as the 
measure of the relative corr osiveness of the soil. 

The results of the corrosion test have been shown to be closely 
associated with the loss in weight of the anode of the ccll over a period 

A. Denison, J. Research NBS 17, 343 (1938) RP918. 


1K H. Logan, 8. P. Ewing, and I. A. Denison. Symposium on Corrosion Testing Procedures, p. 95 
Soc, Tes ting Materials, Philadelphia, Pa.; 1937). 
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of 2 weeks and also with the results of the long-time field tests on the 
corrosion of metals in soils that are being conducted by the Nationa! 
Bureau of Standards. The data obtained from these field tests consis; 
of accurate measurements of the loss of weight and depth of pits on ; 
or 6 sets of 16 specimens each of wrought ferrous materials remoye 
biennially from each of 47 carefully chosen test sites located in various 
parts of the United States.® 

An accurate record of leaks and reconditioning on an extensive pipe- 
line system, which was recently made available to the authors, pro- 
vided a means of determining the true corrosiveness of the soil types 
which occur along the pipe lines. By comparing the relative corrosive. 
ness of the soil types estimated by means of the electrolytic test wit! 
their actual corrosiveness on the pipe lines, the practical value of the 
test for locating corrosive soils may be judged by the extent of the 
correlation. 
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FicurE 1.—Characteristics of soils in the region of glaciated sandstones and shaics. 





II. DESCRIPTION AND CLASSIFICATION OF SOILS 


The pipe lines in the northwestern part of Ohio traverse what 1s 
known as the glacial lake region. The soils in this region have resulted 
chiefly from the weathering of glacial, or ice-laid, deposits and lacus- 
trine, or lake-laid, deposits. Although the glacial drift is derived 
chiefly from limestone, there is a considerable admixture of shale, which 
accounts for the extremely heavy nature of the glacial deposits over 
this area. The very wet, poorly drained condition of much of this 
region has tended to retard the normal processes of weathering and so! 
development. The predominating glacial soils of this region beloug 
to the Miami, Brookston, Nappanee, and Clyde series. The important 
lacustrine soils are those of the Plainfield, Fox, Newton, Toledo, and 
Wauseon series. 


~ 4K. H. Logan, J. Research NBS 16, 431 (1936) R883. 
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The pipe lines in northeastern Ohio lie wholly in the region of 
clacial soils derived from sandstone and shale. Where the parent 
rock is shale, the glacial material from which the soils were formed is 
aheavy clay. Soils developed from this material are heavy in texture, 
and consist of clays and clay loams. Where sandstone predominates, 
‘he soils are loams or silt loams, which are lighter in texture. As a 
result of different conditions of topography, drainage, and parent 
material, numerous soils which differ considerably in their character- 
istics have been developed. The predominant soils in this region, 
their distinguishing properties, and their physiographic relation to 
one another, are shown in figure 1. This figure in a slightly different 
form was prepared originally by Ewing.‘ Detailed descriptions of 
these soils, as well as those of northwestern Ohio, have been given 
by Conrey.® 
“The field work, which was done in connection with previous 
studies,°’? consisted in mapping the soil types occurring along these 


1° 


pipe lines and in the collection of samples for study in the laboratory. 


porlm 


rs were made at intervals of about % mile and also wherever 
there was any question as to the type of soil. Where the soil profile 
appeared particularly well developed for the type, samples of soil 
were taken from each layer, or horizon, to a depth of about 36 inches. 
In general, however, at each location a single sample was taken from 
the horizon which appeared to be heaviest in texture. 


III. ANALYSIS OF DATA ON LEAKS AND RECONDITIONING 


The pipe-line system consists of five 8-inch parallel lines which 
were originally unprotected from corrosion. The pipe lines were 
laid at different times over a period of 18 years since 1889, and their 
average age is 33 years. When a leak was reported, the line was 
uncovered at that point and a temporary repair was made by means 
of a leak clamp. ‘The date and location of the leak were recorded. 

Early in the life of these lines it was observed that, if several leaks 
occurred in short sections of the line, they were usually followed by 
other leaks with increasing frequency. Instead of repairing these 
leaks as they occurred, it was considered more economical to recondi- 
tion the entire section in which the leak clamps became numerous. 
Accordingly, such sections were uncovered and the pipe replaced, 
or if its condition warranted, the pipe was repaired by welding the 
deeper pits and patching the larger corroded areas. In the severely 
corrosive locations the pipe was coated after the necessary repairs 
had been made. The date, location, and length of line reconditioned 
were recorded as a matter of routine. The fact that reconditioning 
was often done in sections of only 10 to 20 feet and seldom for more 
than a few thousand feet at one time, indicates that this work was 
done only when necessary. 


‘S. P. Ewing, Soil Corrosion and Pipe-Line Protection (American Gas Association, New York, N. Y. 


'G W Conrey. Bimonthly Bul. Ohfo Agr. Expt. Sta. 11, 144 (1926), 11, 233 (1928). 
"5. P. Ewing, Distribution Committee Report. American Gas Association (1934). 
I. A. Denison and 8. P. Ewing, Soil Sci. 40, 287 (1938). 
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The effect of reconditioning on the occurrence of leaks is illustrated 



















































































in figures 2 and 3, in which are shown the cumulative leaks per ypjt . 
area and the cumulative percentage of line reconditioned, each plotte I © 
against time for the Mahoning silt loam, a corrosive soil, and for th IB & 
Wooster loam, a mildly corrosive soil. le 
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Wooster loam. 





Pevaille) Corrosweness of Soils $23 

It is seen from figures 2 and 3 that some sections of the lines were 
reconditioned soon after the first leaks appeared and that the effect 
of reconditioning on the occurrence of leaks has been very marked 
even from the beginning. If reconditioning had not been done, the 
leak curves would have curved upward after approximately 10 years 
and would have become steeper with time. It will be noted that, 
after the first 15 years, the curves for both leaks and reconditioning 
are approximately linear, that is, by doing a constant amount of recon- 
ditioning each year the development of leaks is held to a constant 
rate, which is probably the condition for most economical operation. 

The number of leaks which occurred in each soil type and the 
proportion of the pipe reconditioned in the various soils during the 
33-year average period are summarized in table 1. Leaks and repairs 
within 250 feet of an intersection with a stream, road, or railroad 
crossing are not included. As the data apply to five parallel pipe 
lines, the recorded length of pipe is about five times that of the cor- 
responding soil type. 


TaBLE 1.—Number of leaks and reconditioned length of pipe lines in the soil type 


Length | Num- | 
of pipe | ber of | Recon- 
lines in leaks di- 
thou- per tioned 
sands 10,000 | length 
of feet feet 


Soil 








Wooster fine sandy loam-.-.-..-...--- 
Trumbull clay loam 
ee 
Genesee silt loam 
Nappanee clay loam 


Chagrin silt loam and fine sandy loam...._......-.-.------ i 
Mahoning silt loam eee are = 
TEES SET A nS ae ee ee ene 
I a a 
PE SEI ik, oxcanewa tah sas cs nunennn 


Lordstown fine sandy loam 
Crosby silt loam 


er 
CUAWwOm® Core w CRmaTt0 


Sands and sandy loams undifferentiated--_-.........- 
Wooster loam 

Brookston clay loam 

Lorain fine sandy loam 

Miami silt loam and fine sandy loam 


ono © 


Clyde clay loam 
Lucas fine sandy loam____.___- 





Average 














The length of pipe in each type of soil is a rough criterion of the 
reliability of the data for that soil. Obviously, more weight should be 
attached to the data for those soils, such as the Mahoning silt loam, 
Volusia silt loam and the undifferentiated sands, which contain large 
footages of pipe, than to those soils of slight extent, such as the Wooster 
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fine sandy loam, muck, and the Genesee silt loam, in which tl 
footage of pipe is relativ ely small. The soil which was designat; 
Lorain clay loam in previous papers is_ designated in this paper ag 
Lorain fine sandy loam and vice versa. Later examination Der ti 
field notes and the soil samples, as well as data from other source: 
indicated that these soils were originally incorrectly mapped. 

Before any comparison can be made between the actual corrosiy; 
ness of the soils and the corrosiveness predicted from laboratory 
tests, it is obviously necessary to decide whether (a) the number ¢ 
leaks, or (b) the reconditioned length, or (c) some combination of thy 
two, should be taken as the measure of the corrosion that has actually Mot 
occurred. As both the number of leaks and the proportion of thp 
line reconditioned are dependent upon the corrosiveness of the soils 
either one of these factors might be used as the criterion of corrosive. 
ness. In fact, if they are found to be proportional to each other, th, 
is, if they put the soils in the same order, it is immaterial which one js 
used. 

The ratios in the last column of table 1 show that there is a rough 
proportionality between these two quantities for all but three of the 
soils, namely, Nappanee clay loam, ‘‘Wauseon-like’’ soils, and the 
Brookston ¢ ay loam, for which the proportionality factor differs fron 
the average by considerably more than 50 percent of the average fac tor 
As the pipe lines in the three soil types mentioned were generally 
close to roads, reconditioning could be done more cheaply than in less I 
accessible locations. In such soils, the number of leaks is probably can 
a more reliable criterion of relative corrosiveness than is the extent of pro 
reconditioning. acic 

Although the ratios in table 1 are only roughly constant, the devi- the 
ations from constancy are relatively small in comparison with the sucl 
large differences in the corrosiveness of the soils indicated by the leak ) 
frequencies. Hence, it is doubtful whether the greater or less exten On| 
of reconditioning done in proportion to the leak frequencies in individ- mar 
ual soils would appreciably affect the order of corrosiveness shown by i 
leak frequency alone. For purposes of correlation, the number of at 
leaks per unit length may therefore be taken as a simple, approximate HM Prec 
measure of the actual corrosiveness of the soils. r00( 


IV. INFLUENCE OF SOIL PROPERTIES ON CORROSIVENESS J ! t! 
AS INDICATED BY LEAK FREQUENCY AND PERCENT. 
AGE OF LINE RECONDITIONED “ 


In order to show the effect of soil properties on corrosion, table 2 
has been prepared for a group of associated soil types which occur 
along the eastern part of the lines. The soils are waned according sal 
to the degree of development of the soil profile, which is determined by abl 
texture, drainage, and the nature of the material from which the soll 
is derived. Corrosiveness is indicated by the number of leaks per 
10,000 feet which have occurred during the average period of 33 years 
and by the percentage of the line reconditioned over the same p< erlod. 
If the. corrosion data are compared from left to right, it is seen that th 
corrosiveness of the soils decreases as the drainage improves, ® as indi- 
cated by the color of the surface soil and the depth at which mottling 
appears. If the values are compared vertically, it is seen that corro- 
siveness increases as the soils become heavier in texture. 
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LE 2.—Degree of development of associated soil series and corrosiveness, as 
licated by leak density and pony of line reconditioned in 33 years 





Degre 


i| | | 
1 eee --| Gray brown ..-|} Light brown.._.._.|| Brown 
| Mottled ----|} Mottled_...........]) Mottled_...........]] No mottling 








Series 


igth recon- 


) 000 feet 
litioned 


he 


1 
e 


oF 
ee | Volusia. .-| 8. 1119. 0|| Canfield. 
Medina 
l ) = . - 
& Trumbu np ss 34 ; Mahoning }12. a ae 8|| Ellsworth. 
} | 








fied along pipe line. 

The relation shown in table 2 between soil conditions and corrosion 
can be expl: ained on the basis of our present knowledge of corrosion 
processes in soils. In addition to the corrosive effect of the greater 
acidity and conductivity of the heavy and imperfectly drained soils, 
a relatively large leak frequencies and amounts of pipe repaired in 

soils are to be ascribed largely to the fact that under conditions 
polos aeration the rate of pitting changes relatively little with time. 
On the other hand, under conditions of good aeration, there is usually a 
marked te ndency for the rate of pitting to decrease w ith time. 

The relation between the aeration of the soil and depth of pitting is 

tributed to the inhibiting action of the corrosion products that are 
precipit tated in contact with the corroding areas under conditions of 
rood aeration. ‘The failure of corrosion “products to protect under 
his of poor drainage evidently overbalances the opposing effect 
of the relatively great cathodic polarization that would be expected in 
poorly drained soils because of the deficiency of oxygen. It should be 
noted, however, that good aeration is not in itself a sufficient condition 
or the precipitation of corrosion products. In the presence of a high 
concentration of salts in many soils, or of extreme acidity, the products 

[ corrosion may remain soluble even when completely oxidized. 

The number of leaks, averaging four per 10,000 feet, shown in 
table 2 to have occurred in the Wooster loam, which is one of the least 
corrosive soils along the pipe lines, indicates that some leaks may occur 
even in soils which have properties not ordinarily associated with 
corrosion. This soil occupies rolling uplands where surface drainage is 
good. It is coarse in texture, has an open, porous structure, contains 
sige ne soluble material (average resistivity—8,000 ohm-cm), and 

ney is normal for the well-w eathered soils of the humid regions. 
airly large number of leaks developed in this soil before the line 
5 yes ars old. This same general condition applies likewise to a 
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large body of coarse, well-drained soils of high resistivity, which are 
classified as sands. In these soils an average of five leaks per 10,009 
feet developed. 

A probable explanation for the occurrence of even a small number of 
leaks in soils in which leaks would not be predicted, is that corrosiop 
did not occur generally throughout that soil type, but was confined to 
restricted areas of more corrosive soil types, that were too small in thei 
extents to be properly classified. 

The occurrence of some leaks in soils which would ordinarily be 
considered noncorrosive raises the question as to whether any soi] 
types occurring under similar climatic conditions are actually nop. 
corrosive. Since some degree of variability is characteristic of soil 
types in general, it is difficult to escape the conclusion that in the 
usual acid soils of the eastern United States, exclusive of certain very 
well drained or mountainous areas, there are very few soils in which 
some leaks in a pipe line of average diameter and wall thickness wil] 
not develop within 30 years. 


V. CORROSIVENESS OF SOILS AS MEASURED BY AN 
ELECTROLYTIC CORROSION TEST 


1. DESCRIPTION OF TEST 


The corrosiveness of the soil samples collected along the pipe lines 
was determined in the laboratory from the relation between current 
density and potential in a corrosion cell in which the anode and 
cathode are steel and the electrolyte is the soil under test. By using 
as the cathode a steel screen which is more readily accessible to air than 
the anode, the electrodes are aerated differentially and the cell develops 
its own electromotive force. However, an externally applied electro- 
motive force was used in the tests here described. Current densi y- 
potential curves were obtained by plotting the potentials existing in 
such cells at different current densities. The average current density 
over the range of voltage between 0 and 0.3 volt was tentatively selected 
as the criterion of the relative corrosiveness of the soils. The construc- 
tion of the test cells, preparation of the cells for test, and the method of 
making the electrical measurements were described in a previous 
publication. , 


2. VARIATION IN CORROSIVENESS WITH DEPTH 


It is generally recognized that the properties of soils may vary 
greatly with depth. ‘A familiar example of this variation is the 
frequent occurrence of a layer of heavy clay below the surface soil. An 
abrupt change in reaction from high acidity to alkalinity within a few 
inches is another illustration of the variation which may be encoul- 
tered between adjacent soil horizons. It was therefore necessary (0 
study the manner in which corrosiveness varied throughout the 
profiles of the important soil types present. 

In table 3 the characteristics of the horizons of 8 soil types are show, 
together with the corrosiveness of the various horizons, as indicated 
by. the laboratory test. The profile shown for the ‘“‘Wauseon- -like” 
soils is typical of rather extensive bodies of soil observed in the glacial 

* K. H. Logan, 8. P. Ewing, and I. A. Denison, Symposium on Corrosion Testing Procedures, p. 95 (A° 
Soc. Testing Materials, Philadelphia, Pa.; 1937). 
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lake region which have not been exactly classified. This profile re- 
sembles that of the Wauseon fine sandy loam, but it does not have the 
dark sandy subsoil extending to about 36 inches, which is typical of 
the true Wauseon soils. 


TaBLE 3.—Relatine corrosiveness of horizons of typical soil profiles, as indicated by 
the electrolytic corrosion test 





SOILS OF NORTHEASTERN OHIO || SOILS OF NORTHWESTERN OHIO 





| Current | 


| density 
| 


| 
Current | 


: | Description Depth 
density | 


Description 





WOOSTER SILT LOAM MIAMI SILT LOAM 





a/dm? in, | ma/dm? | 
1.0 | Brown silt loam. 010 9..5..1 2.0 | Brownish-gray silt loam. 
2.1 | Yellowish-brown silt loam. 9 to 17__-. 6.1 | Pale yellowish - brown silt 
5 | Yellowish - brown compact loam. 
silt loam. 17 to 27_. i. Dull yellowish-brown silty 
2.4 | Yellowish-brown loam to silt clay. 
loam. Below 27 Calcareous clay. 





VOLUSIA SILT LOAM BROOKSTON CLAY LOAM 





Brownish-gray silt loam. 0 to 7_.-- 4. Gray-black clay loam. 
| Mottled-gray and yellowish- || 7 to 22___. .2 | Mottled-gray and yellowish- 
brown silt loam. brown clay loam. 
Mottled-gray and yellowish- || 22 to 38__- 8. Mottled yellowish-brown and 
brown heavy silt loam. yellowish gray clay. 
Mettled loam to silt loam Below 38. .2 | Caleareous clay. 
| 











MAHONING SILT LOAM NAPPANEE CLAY LOAM 





> 


2.8 | Brownish-gray silt loam. 0 to 8....-] y Be | Grayish-yellow heavy clay 
6.1 


Mottled-gray and yellowish- } | loam. 
brown silty clay loam. 8 to 25....] 8.8 | Mottled yellowish-brown and 
11.1 | Mottled-gray and yellowish- gray heavy clay. 
brown silty clay. Below 25- 7.9 | Dull yellowish-brown  cal- 
11.1] Brownish-drab heavy silty careous clay. 
clay. 





TRUMBULL CLAY LOAM WAUSEON-LIKE SOILS 





} | 
3.6 | Dark-gray clay loam. 0 10-9.....] 2.5 Gray-black fine sandy loam. 
4.7 | Drab-gray silty clay, mottled || 9 to 28__.. 12. Yellowish-brown silty clay 
with rusty brown. loam. 
11.2 | Drab-gray clay, mottled with || Below 28- 5.8 | Caleareous clay with decom- 
rusty brown. posed shale. 














It will be observed in table 3 that as the soil becomes heavier in 
texture from the surface downward, the corrosiveness of the soil like- 
wise increases. The upper subsoil is invariably heavier and more 
corrosive than the surface soil. In several profiles the maximum 
corrosiveness and heaviest texture occur in the lower subsoil at depths 
greater than 1 to2 feet. Increase in corrosiveness with depth through- 
out the profile is characteristic of those soils which have developed 
from heavy-textured parent material that is normally acid in reac- 
tion, for example, the Mahoning silt loam and the Trumbull clay 
0am. Soils which have developed from coarse parent material, for 
example, the Wooster and Volusia silt loams, become less corrosive 1n 
the lower part of the profile. 
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The general tendency, observed in table 3, for corrosiveness to in- 
crease as the soil becomes heavier in texture and as the di 
becomes less perfect is in agreement with the conclusions eae 
after comparing the properties of various soil types with the |ea| 
frequency and reconditioned Jength in these types (table 2). |; 
would seem that in the corrosion cell, as in nature, maintenance of {| 
products of corrosion in the deoxidized, and hence more soluhj 
condition has a greater effect on the rate of corrosion in the gojjx 
studied than has the high cathodic polarization, which is characterjst) 
of heavy, poorly drained soils. 

In view of the marked differences in the corrosiveness of certaiy 
soils at different depths, it is evident that in sampling soils for corro. 
sion tests, the depth at which the sample is taken must be careful) 
considered. Itis probable that the pipe line will be in contact ai some 
points with soil from the most corrosive horizon of the soil profile 
which might therefore logically be selected for the test. The 
cedure adopted in the present study was to take samples from | 
horizon which is heaviest in texture, a practice which was supported 
by the results of the corrosion tests. In general, however, it would be 
preferable to study in advance of the actual sury ey the variation with 
depth in the corrosiveness of each important soil type, using thie cel! 
test as a measure of corrosion. From the results of this preliminary 
study, the depth at which soil samples should be taken could be deter- 
mined for each soil type. 


3. RESULTS OF THE CORROSION TEST 


The mean values of the average current density in the potential 
range from 0 to 0.3 volt are shown in table 4. In general, the number 
of samples tested in each soil type was about in proportion to the lengt! 
of pipe contained in that soil. The reliability of the data for a parti- 
cular soil type depends, therefore, on the length of pipe exposed 
that type. Computation of the standard errors of the mean current 
densities showed that these errors were practically all less than 25 
percent of the mean. The latter may therefore be used directly as t! 
measure of corrosiveness determined by the electrolytic test. 


TABLE 4.—Corrosiveness of soils, as indicated by the electrolytic tes 





Average 
Number current 
Soil symbol ! ofsamnies| density Soil symbol! ! 
tested from 0 to 
O.3V 





ma/d 


a 
Re 


90 90 


PONNIN 





END 

















1 For identification of symbols, see table 1, page 823. 
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In general, the soil types which show the highest values of current 
ensity are heav 44 in texture or poor ly drained, or both. C velaie ly, 
low values of current density are usually associated with well-drained 
F soils of coarse texture. 


|v. COMPARISON OF ACTUAL CORROSION ON THE PIPE 
| LINES WITH CORROSIVENESS INDICATED BY THE 
LABORATORY TEST 


Tl he relation between the corrosiveness of the soil types, as indicated 
the laboratory test, and their actual corrosiveness was studied by 
plotting the mean current densities of the soil types against the corre- 
sponding number of leaks per 10,000 feet. It was observed that the 
points re epresenting extensive soils, for which the laboratory and field 
data we re most reliable, conformed well to a straight line. 

In order to decide whether the correlation for the data as a whole 
| was sufficient for the test to be of practical value, the soils were 
| divided into five groups according to successive ranges of leak fre- 

uency. The current densities corresponding to these ranges of leak 
frequency were then calculated from the slope of the line which 
showed the average relation between the field and laboratory data. 
The soils were then placed in five groups according to current density, 

and the agreement between the classifications on the bases, respec- 
tively, of leak frequency and of current density was noted. For 
example, a difference of 0 indicates complete agreement, a difference 
of +1 means that the electrolytic test places the soil in one group 
higher (that is, more corrosive) than the group in which it properly 
belongs, and vice versa. Since the limits of the groups are necessarily 
arbitrary, an agreement of plus or minus one group is evidence of fair 
orrelation. 


TABLE 5.—Classification of soils according to the electrolytic test 
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It is seen in table 5 that 19 of the 27 soils, that is, 70 percent, sh 
at least fair correlation betwee on the electroly tic test and the rep: 
leaks. Consideration of the length of pipe (or soil) involved, : 
in table 1, shows that on over 80 percent of the actual length + 
pipe ath the electrolytic test would have correctly predic ted (that js 
+1 group) the relative corrosiveness of the soil. 

The fact that of the four soils (A, Be, G, and W/) that showe 
correlation, a total of only 14 s: amples was tested, as compared ¥ 
general average of about 7 samples per soil, at least indicates "We 
samples of these soils may not have been representative. | 
results indicate that any improvement in the ability to predict sojj 
behavior from the electrolytic test is more likely to result from ; 
improvement in sampling than in the electrolytic test itself. 


The authors express their appreciation to S. P. Ewing for the use 
certain figures and for many helpful suggestions. The y also 
knowledge the assistance of I. C. Frost, by whom most of the corros 
tests were made. - 


WasHincton, April 12, 1938. 
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METHOD FOR DETERMINING UNIFORMITY OF 
TEMPERATURE IN CRYOSTATS 


By Martin Shepherd 


ABSTRACT 


This note reports a sensitive method by which the uniformity of temperature 

eryostats (or other constant- -temperature baths) may be determined. The 

method involves the measurement of differences of saturation pressures of a 

suitable st ~ ince (which need not be critically pure) by means of a very easily 

tructed differential manometer. Such an instrument is capable of differenti- 

r te lempe rature effects at the surface and within the bath, and offers some 
ing possibilities in studying low-temperature baths. 


The platinum resistance thermometer and the differential thermel, 
which are normally employed to determine the uniformity of tem- 
perature within cryostats (or other constant-temperature baths) are 
subject to at least one annoying limitation. Neither instrument is 
vell suited for measuring differences of temperature at the surface 
f the bath. While either instrument may be used in connection 
with a vapor-pressure thermometer to measure effects of temperature 
at the surface, the procedure required is relatively complicated and 
time-consuming. 

It is possible to compare the temperatures at any two points within 

» bath or at its surface simultaneously, with extreme sensitivity 
and with little or no significant temperature lag, by means of a very 
simple differential saturation-pressure manometer. This manometer 
fwas previously described in connection with the determination of 
he purity of gases ! and is illustrated in figure 1 as modified for the 
present purpose. 

Both sides are simultaneously filled with a suitable gas drawn from 
the same source. The gas used will determine the effective tempera- 
ture range, which may be extended (with an increase in sensitivity) 
by filling to a pressure of several atmospheres. If an extended range 
oi temperature must be studied, the manometer may be refilled with 
other gases, or a set of several permanent manometers can be made. 
Since the gas used need not be critically pure, and the manometer 
itself is easily constructed, the instrument possesses the practical 
adv es of relative cheapness and availability. If greater flexi- 
bility is desired, spiral expansion joints can be used to permit move- 
me ent of the stems, or a flexible metal tubing may be substituted for 


SJ. Re search 2, 1156 and 1169 (1929) RP75; 12, 185 (1934) RP643. 
831 





832 Journal of Research of the National Bureau of Standards 


the glass stems. The latter may be attached to the glass by any of 
the several methods available for making such joints. a 

A system of shields may be used in the various combinations shown 
and the possibilities offered are attractive. For example, if both 
stems of the manometer are left bare (see 1 of the figure), the differ. 
ential vapor pressures observed should indicate the combined effect 
of differences of temperature within the bath and at its surface. The 

pues 
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\ 
Stopcocks ground for 
high vacuum work 


| | 


| r? S’Greund seat 


Glass ball ground spherically. 
f giass supporting rod 

| 

| 


| 
} 

| | 
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Figure 1.—Detail of differential manometer. o> 
arrangement shown in 2, 2A, or 2B may be used to determine differ- shor 
ences between a point within the bath and the effective temperature the 
as measured by a simple vapor-pressure thermometer. This should -_ 
immediately disclose the suitability of a bath intended for the com- ‘Th 
parison of temperatures indicated by a platinum resistance ther a 
mometer and a vapor-pressure thermometer. When both stems até 
shielded (as in 3), differences of temperature between two points 


2a-- 6a 2p--- 45 
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within the bath may be determined. With one stem shielded as in 4. 
a difference between one spot at the surface and the effective tem- 
perature measured by a vapor-pressure thermometer may be indicated. 
Temperatures at two separate points on the surface may be simul- 
taneously compared if the shields are arranged asin 5. The arrange- 
ment shown in 6 may be used to observe differences in temperature 
between one part of the surface and a point within the bath. 

Thus the differential manometer might be used to study the uni- 
formity of temperature more advantageously than is possible with 
either of the normally employed electrical instruments, since tem- 
peratures can be compared both within the bath and at the surface. 
Moreover, the difference of temperatures between two points is 
measured simultaneously and with high sensitivity. It is entirely 
possible to observe some erratic behavior of the bath, which might 
be missed if a resistance thermometer with a relatively large thermal 
lax were moved from point to point, by simply allowing the manometer 
to remain in a fixed position and watching the positions of the mercury 
menisci. By evacuating one side of the manometer and using it as a 
simple vapor-pressure thermometer, the constancy as well as the 
uniformity of temperature may be determined. 

In studying the temperatures at the surface of a bath, the differen- 
tial manometer possesses @ unique advantage. It is always in the 
surface itself, even when the surface of the liquid is moving, uneven, 
and of constantly varying height. The immersed stem of the manom- 
eter responds quickly to changes of temperature at the surface. 
The fullest extent of temperature change will not be realized, since 
the thin glass stem interposes a heat capacity. But under similar 
conditions, the platinum resistance thermometer is obviously not suit- 
able. The differential thermel, which does have a low heat capacity, 
nevertheless has the physical limitation that, if placed at the very 
surface, it will sometimes be immersed and sometimes not; while, if 
it is lowered so that constant immersion is achieved, the local effects 
of the surface may be substantially lost. 

The importance of the effects of temperature at the surface of the 
bath may alone frequently justify the use of the manometer, even if 
itis employed as an auxiliary to the resistance thermometer or thermel. 
The extent to which surface temperatures may vary is perhaps not 
generally realized. The following experiment will illustrate what may 
sometimes be expected. During the preparation of pure oxygen to be 
used by this Bureau as a reference point on the International Tempera- 
ture Seale, the purity of the oxygen was tested by the method described 
in the previous references (footnote 1). The bulbs of the differential 
manometer were thin-walled spheres touching one another, and were 
immersed in a bath of liquid oxygen boiling vigorously within a 
D’Arsonval tube. Oxygen of high purity was simultaneously con- 
densed from a common source into each bulb.’ The saturation pressure 
within each bulb should have been identical, and the manometer 
should have indicated no difference in pressure, if the temperature of 
the bath had been uniform. Under these conditions, however, the 
manometer actually indicated rapidly changing pressures within the 
? This work was done early in 1933. The present note was originally prepared at the same time, but 


publication was delayed pending possible experimental work. The opportunity for this work has, unfor- 
unately, never presented itself. 


107462—38-——9 
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bulbs, in such a manner that first one and then the other bulb exhibites Fu 
the higher pressure. This dancing behavior was quite erratic; at tine 
the pressures remained steady, while at other times variations of as 
much as 20 mm (of mercury) were apparent. (At the normal boilin & 
point of oxygen, 10 mm corresponds approximately to 0.13° C.) Stir, Jee Po 
ring the bath of boiling oxygen did not greatly improve the conditio, 
W hen the bulbs were surrounded with a block of frozen mercury, 
which extended around the stems and above the surface of the bat 
the variations previously observed were effectively eliminated. 1 TI 
author has used such a device for many years in connection with othe 
cryostat baths, and has always found it satisfactory. There has bee, 
no breakage of glass when the mercury is frozen around the condensiyy 
bulbs. Such an arrangement would seem a logical one to employ iy 
case the temperatures at two points of a bath were required to }. 
accurately the same, as, for example, when calibrating a platinuy 
resistance thermometer against a vapor-pressure thermometer, 
The oscillating behavior exhibited by the differential manometer jy 
the case cited may have been caused by variations of temperature Pr 
within the bath or at the surface. The saturation pressure indicated | 
by a vapor-pressure thermometer will correspond closely to the lowes: I p 
temperature to which it is exposed, which is usually at the surface of H ‘ 
cold baths. Because of these facts, E. F. Mueller of this Bureau suc. He °" 
gested the desirability of shielding the stem of this type of thermon. & 
eter by means of glass envelopes such as are indicated in the figure, 
He further suggested the possibility of electrically heating the sten & 
within the shield (see series B, fig. 1). , | 
It is evident from the foregoing discussion that the differentia 1 
manometer may be particularly useful in studying baths to be en- & 1! 
ployed for vapor-pressure thermometers, since the effects of surface & 
temperature are so important. It is also evident that the use of the 
instrument may develop some surprises that have not been indicated 
in this sort note. Its general applicability and suitability have not 


been demonstrated or experimentally compared with existing appa J y;, 


ratus and methods. The lack of experimental study precludes definite & ;,; 
statements, and in the argument between the cryostat and the manon- & jo, 
eter, it is not possible to predict the certain winner on an estimated HH yp 


score of points. It seems likely, however, that interesting facts con- % j,, 
cerning both may be revealed; and this seems particularly probable n & 
the field of vapor-pressure thermometry. Boor 


WasuHincTon, August 26, 1938. Biot 
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TRENDS OF CHARACTERISTICS OF THE IONOSPHERE 
FOR HALF A SUNSPOT CYCLE 


By Newbern Smith, Theodore R. Gilliland, and Samuel S. Kirby 


ABSTRACT 


i 1e increase of solar activity from the sunspot minimum of 1933 to 1938 re- 

sulted in large increases in the jontsation of the upper atmosphere. During this 

1e poy ionization densities of the EF layer increased by a ratio of approximately 

o 1 and those of the F; layer by about 4 to 1. Superposed on this long- 

io 4 increase were the more or less regular diurnal and seasonal variations. 

Graph ; indicating the long-time variations for the different layers at several 
© different times of day are shown. 


CONTENTS 


. Introduction 

. Diurnal and seasonal] variations- - 

. Long-period variations- 
Conclusion _ — 


I. INTRODUCTION 


' A program of observations extending over the past 5 years has 
' yielded information on the characteristic regular variations of the 
F critical frequencies and virtual heights of the various layers of the 
ionosphere. These regular variations are diurnal, seasonal, and from 
F year to year. The present paper summarizes this information and 
) indicates the trend and probable cause of the year-to-year variation. 
' Since the ionization of the earth’s upper atmosphere is due, wholly 
f or principally, to energy from the sun, changes in solar activity might 
be expected to produce corresponding changes in the ionization of the 
ionosphere. Sunspot numbers are a rough indication of average solar 
activity. The critical frequencies and virtual heights, which are di- 
rectly related to the ionization of the ionosphere, might therefore be 
| expected to vary with the sunspot numbers. 
| Sunspots are but one manifestation of the solar activity influencing 
the sun’s ultraviolet radiation, which is in turn responsible for the 
lonizs ition of the ionosphere. There is, therefore, no reason to expect 
; detailed correlation between critical frequencies and sunspot num- 
| bers. In the absence of a better criterion of solar activity, however, 
| it may be assumed that sunspot numbers give, for long- time averages 
| but not in detail, an index of the intensity of solar radiation. It 
might, therefore, be expected that the ionosphere critical frequencies 
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and the sunspot numbers would follow the same trend, but not neces. 
sarily show complete correlation. 

Regular ionosphere observations of the National Bureau of Stand. 
ards have covered a period, from 1933 to date (1938), of about hal 
a sunspot cycle.! Less regular observations were made from 1930 to 
1933. During the half-cycle from 1933 to 1938 the general solar ge. 
tivity, as measured by the sunspot numbers, increased from a mini. 
mum in the fall of 1933 to what appears to have been a maximum jp 
1937, and the ionization of the various layers increased accordingly 


II. DIURNAL AND SEASONAL VARIATIONS 


The ionosphere observations of the National Bureau of Standards 
have indicated the regular diurna] and seasonal characteristics of th, 
critical frequencies and virtual heights of various layers. 

Figure 1 shows typical average diurnal curves of critical frequencies 
and virtual heights for winter and summer conditions, represented by 
the months of December 1936 and June 1937, respectively. The ver- 
tical dashed lines are for the times of sunrise and sunset at the ground 
(not in the ionosphere). The general diurnal and seasonal variations 
shown in figure 1 have repeated themselves so consistently as to leave 
little doubt that they are characteristic of the ionosphere at the lati- 
tude of Washington. 

No regular diurnal or seasonal variation has been observed in the 
minimum virtual height of the EH region, which appears to be always 
between 110 and 120km. The critical frequency, f,,? for the ordinary 
ray reflected from the £ Jayer, has, however, a regular diurnal and sea- 
sonal variation. As may be seen from figure 1, f, varies synchronously 
with the altitude of the sun, reaching the diurnal maximum at noon, 
and having a higher diurnal maximum in the summer than in the 
winter. This behavior accords with the simple theory of ionization 
by ultraviolet light from the sun, according to which,’ assuming recom- 
bination to be sufficiently rapid, 


fz=Keos'*y 


where y is the zenith angle of the sun, and K is a factor depending on 
the intensity of the solar radiation. . 
It has been established that, for values of y not too close to 90°, /, 1s 
proportional to cos'“y, within fairly close limits, throughout the day- 
light hours of any one day. This would indicate (1) that the £ layer 
is ionized principally by ultraviolet light from the sun, and (2) that A 
is very nearly a constant throughout the day, that is, the ionizing radi- 
ation from the sun does not vary much in the course of a day. It will 
be noted also, from figure 1, that the f, begins to rise about a half 
hour before ground sunrise. 
1T. R. Gilliland, Multifrequency ionosphere recording and its significance, J. Research NBS 14, 283 
RP769. Proc. Inst. Radio Engrs. 23, 1076 (1935). 
T. R. Gilliland, 8. S. Kirby, N. Smith, and S. E. Reymer, Characteristics of the ionosphere and their ap- 


plication to radio transmission, J. Research NBS 18, 645 (1937) RP1001; Proc. Inst. Radio Engrs. #4, 82 
(1937). . : 

T. R. Gilliland, 8. 8. Kirby, N. Smith, and 8. E. Reymer, Characterisics of the ionosphere ai VW ‘ashing: 
ton, D. C. Series of monthly reports beginning in the Sept. 1937 issue of the Proc. Inst. Radio Engrs. 

? The notation is that used in the second paper of reference 1. 

3 P. O. Pederson, Propagation of Radio Waves. Chap. V. & VI. 

4S. 8. Kirby and E. B. Judson, Recent studies of the tonosphere, J. Research NBS 14, 469 ( 
Proc. Inst. Radio Engrs. 23, 733 (1935). 
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No such simple relation as that given above has characterized the 
variation of the critical frequencies of the F, F,, and F, layers. As 
may be seen from figure 1, the daytime critical frequencies of the upper 
laver are much higher in the winter than in the summer, although the 
night critical frequencies are somewhat lower. The diurnal maximum 
of the f*r, almost always occurs after noon, and is much later in the 
day in the summer than in the winter. The post-sunset fall in the 
night 7» is much more rapid in the winter than in the summer; indeed 
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the midnight /*7 in the summer is often as high as or higher than the 
noon j*p,. The outstanding characteristics of the /*r and f*,, are, 


then, (1) a seasonal variation inverse to that of the f,, and (2) a diurnal 
lagging behind the altitude of the sun. 

Like the f,, the fr, begins to rise from its diurnal minimum about 4 
half hour before ground sunrise. No satisfactory quantitative theory 
has thus far been advanced to account for this pre-sunrise increase of 
lonization. It seems possible that the explanation may lie in a scat- 
tering of ultraviolet radiation from, or a refraction of this radiation in 





838 Journal of Research of the National Bureau of Standards ya. 


the upper ionosphere. Any refraction would have to be caused hy 
some kind of anomalous dispersion, inasmuch as the frequency of the 
ultraviolet radiation in question lies in a region of absorption for some 
part of the ionosphere. The fact that both the f, and f,, start to 
increase simultaneously would seem to be evidence in favor of ultra. 
violet light as the ionizing agent of the F, region. 

The fact that h,, is much higher during the summer day than dur. 
ing the winter day is evidence for the existence of a temperature eff 
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FIGURE 2.—Average ‘‘critical frequency sweeps’ or curves of virtual height against 
frequency, for noon, in June and December, 1933 to 1937. 


A critical frequency is indicated by a cusp on the curve. Where there are two curves, similar in form but 
separated in frequency by about 800 ke/s, they are the magneto-ionic components, separated because of 
the earth’s magnetic field. The one to the right is the z-component or extraordinary ray; the one to thé 
left is the o-component or ordinary ray. The dotted portions of the curves are those not usually observed 
because of absorption. 


in the F; region. It has been pointed out ® that such a temperature 
effect may be in part responsible for the lower f*,, in the summer than 
in the winter. 
The h, is usually about 300 km during the night and early morning, 
both in winter and in summer, and starts to fall to the h,, level at 
about the time f; starts to increase, that is, about a half hour before 


5‘ E. O. Hulburt, Anatysis of recent measurements of the ionosphere, Phys. Rev. 46, 822 (1934); Theory of the 
tonosphere, Terr. Mag. 40, 193 (1935). sik 
¢ L. V. Berkner and H. W. Wells, Non-seasonal change of Fy region ion density, Terr. Mag. 43, 15 (1995). 
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sunrise. This pre-sunrise fall is rapid, but the post-sunset rise in h, 
is gradual, corresponding to the relatively slow decrease of {7 during 
the same period. 
The stratification of the F layer into F, and F, layers occurs dis- 
' tinctly only during the summer day, but there is reason to believe 
' that it exists also latently during the winter day.’ No stratification 
| of the F region into F, and F;, layers has been observed at night. 
' It should be noted that radio-transmission conditions in general 
follow the critical frequencies. When the critical frequencies are 
high the maximum usable frequencies are high and the best frequencies 
for transmission are also high. 


III. LONG-PERIOD VARIATIONS 


Figure 2 shows typical average curves of frequency against virtual 
' height for June and December, representing summer and winter con- 
ditions, from 1933 to 1937, inclusive. Increase of the critical fre- 
quencies with the increase in solar activity has been relatively large 
' for the F, region, and smaller but well marked for the E and the F, 
| regions. The virtual heights and general form of the curve of fre- 

quency against height have remained the same. The chief difference, 
aside from the magnitude of the critical frequencies, has been a 
tendency toward disappearance of the daytime F-layer stratification, 
especially during the winter. It will be noted that the minimum 
virtual heights have remained about the same during the period fron 
1933 to 1937. ¥ 

In order to eliminate seasonal variations, 12-month running aver- 
f ages of critical frequencies were taken for comparison with sunspot 
; numbers. A 12-month running average of sunspot numbers was also 
' taken, in order to eliminate short-time variations and to exhibit the 
| long-time trend in solar activity. The sunspot numbers used are the 
Ziirich provisional numbers. 

Another method of eliminating the seasonal variation can be em- 
| ployed in the case of the F region. The factor K=f,/cos'/*), is the 
value which f, would have if measured at the subsolar point. This 
; quantity should thus increase with the intensity of the ionizing radia- 
| tion from the sun, and should bear the same relation to the general 

solar activity as does the ionizing radiation. By comparing f,/cos'/4y 
| with the sunspot numbers, it should be possible to see how well the 
sunspot numbers indicate the intensity of the ionizing radiation re- 
sponsible for the EF layer. 

This has been done in figure 3 for the monthly averages of f, and 
} sunspot numbers. The solid line in graph b is the monthly average 
| noon f, plotted for each month since 1933. The dotted line shows 
| the subsolar f, plotted for the same period as is the regular noon /y. 
The correspondence of the subsolar f, with sunspot numbers is in- 
complete in some details but nevertheless impressive. It shows that 
there is in general a fairly close relationship between the cause of the 
E-layer ionizing energy and the cause or number of sunspots. Over 
the period covered by the observations, it may be concluded that 
there is an excellent general correlation, and even a fair amount of 
agreement in details between the monthly averages of f, and the sun- 
spot numbers. The day-to-day correlation, however, is small. 


'T. R. Gilliland, 8. 8. Kirby, N. Smith, Characteristics of the ionosphere at Washington, D. C., March 1938, 
Proc. Inst, Radio Engrs. 26, 640 (1938). 
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The contour diagram at the bottom of figure 3 represents a spac 
model of f, (indicated in Mc/s) against the time of day and the month 
of the year, for critical frequencies above 2.6 Mc/s. The regular ges. 
sonal variation is quite well marked, the values being higher in the 
summer than in the winter. It is interesting to note how the cop. 
tours of equal f, follow the sunrise and sunset lines. The greater 
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number and closer spacing of contours during the latter part of the 
period shows how the critical frequencies have risen with the general 
long-time increase in solar activity. 

The F, layer presents a more complicated picture, since purely tel 
restrial influences, such as the temperature of the layer, play an umpor- 
tant part. No such simple method therefore exists for eliminating 


diurnal and seasonal variations as may be done for the E laye! 





of day and month 


plotted against time 
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Because of this difficulty in eliminating the seasonal and diurnal vari- 
ations of fro it is hard to tell whether there is correlation in any con- 
derable detail with sunspot numbers; such as was observed in the 


S case of the H-region. 
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Figure 4.—Monthly average values of f#p (night) and f*p, (daytime) plotted for the 
period 1933 to 1938. 


The dotted curves are 12-month running averages for the same hours. 


Figure 4 shows the variation, for each month, of the f*r. for various 


parts of the day. The “midmorning” curve is for the time half-way 


between midnight and sunrise, and the “diurnal minimum’’ curve is 
for the time when f*, reaches its diurnal minimum, about 30 minutes 
before ground sunrise. The midforenoon, midafternoon, and mid- 
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evening, curves are for times half-way between sunrise and noon, noo, 
and sunset, and sunset and midnight, respectively. All of these curve; 
show the general rise in critical frequencies superimposed on the 9. 
sonal variation. The amplitude of the seasonal variation is greate 
for greater solar activity. The high daytime and low evening /,, iy 
winter and the high evening f,, in summer stand out. For compar. 


son the 12-month running averages of the noon and diurnal minimyy 
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Figure 5.—Twelve-month running averages of critical frequencies and sunspot 
numbers. 


f*,, are shown dotted to indicate the trend and the amplitude of the 
seasonal variation. The diurnal minimum shows the least seasonal 
variation ; this may be more or less expected, since the direct influence 
of the sun would be a minimum at this time. The midwinter dip 
the daytime f,, should also be noted. 

If we consider the 12-month running averages of the critical fre- 
quencies and sunspot numbers, we may see how the trend of f,, and 
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f, follows the trend of the sunspot numbers. Figure 5 shows these 
averages, for the noon £ layer, the noon F; lay er, “and the F layer at 
the diurnal minimum 30 minutes before sunrise, plotted for the period 
from 1933 to 1937. 

be diagram shows that: 

_ The fz followed the sunspot numbers quite closely. The two 
quantities began to rise together, reached a maximum together, and 
began falling together. The rates of change also seemed to vary 
toge ther 

The diurnal minimum f?, and the noon Ff’, also followed the gen- 
“a trend of the sunspot numbers, but they lag ged behind the sun- 
spot nu imbers in starting to rise, and they kept on rising after the sun- 
opal numbers had started to fall. 

The sunspot-number curve showed a maximum at about April 
This may not indicate the major sunspot maximum of this 
cycle, but it is the first time since 1933 that the running average 
ae ed a decrease. 

During the half-cycle of sunspot activity the f, increased by : 
i of about 1.25, and the f°, and f’,, by a factor of about 2.00. 
The f*, and f’y, represent the ordinary-ray critical frequencies 
and are about 800 ke/s lower than the f’, and f*,,, the extraordinary- 
ray critical frequencies, which are shown in the figures. This corre- 
sponds to an increase of /-layer ionization by a factor of about 1.55 and 
an increase of F- and F, ayer ionization by a factor of about 4.00. It 
is interesting that during the rise of the critical frequencies, the ampli- 
tude of the seasonal variation of f, increased by a factor about 1.60 
and that of f,, by a factor of about 4.00; this effect is shown in figures 
3 and 4. 

Figure 6 is an extension of a curve already published § showing the 
relation between the annual averages of f,, f’,,, and f?,, and the sun- 
spot numbers. Most of the points plotted are the same as certain 
points on the running average curves, except for the f?,,; no running 
average could be taken of this quantity, since it could be measured 
only in the summer. 

The general correlation between the average of critical frequencies 
and sunspot numbers is impressive. It indicates that there is on the 
average a definite relation between sunspot numbers and the solar 
activity responsible for the ionization of the earth’s ionosphere. 
This relationship seems to be much closer for #-region ionization. 
In view of the difficulty and wide variations in methods of counting 
sunspots, together with the lack of any distinction made between 
active and inactive sunspot groups, close correlation is hardly to be 
expected. 

In order to show the correlation between sunspot numbers and criti- 
cal frequencies in as complete a manner as possible, the data have been 
summarized and plotted in figure 7, for which the ‘coordinates are the 
12-month running averages of the quantities. It is seen that all the 
critical frequencies increased with sunspot numbers. ‘The variations 
of the points from the smooth curves may well be due to an irregular 
relation between sunspot numbers and the solar activity responsible 


————— 
Re B. Judson, Comparison of data on the ionosphere, sunspots, and terrestrial magnetism, J. Research NBS 
7, 323 (1936) RP913; Proc. Inst. Radio Engrs. 25, 38 (1937). 
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for the ionization. It should be noted that the noon /,, the diurnal 
minimum f*,, and the noon f’,2, did not increase as rapidly with sun- 
spot numbers near the maximum. 

There is a trace of a lag on both ends of the f*, and f*,,. curves, but 
not on the fg curve. It remains to be seen whether this effect persists 
throughout the descending half of the cycle or throughout subsequent 
eveles. It is well known that terrestrial magnetic disturbances are 
more frequent and severe following a sunspot maximum than preceding 
or during it. Since the seat of magnetic storms is principally in the 
F, region ® this is some indication that such a lag may be reasonable, 
and that the types of solar radiation responsible for F,-layer ionization 
and magnetic storms may be related and may themselves reach a 
maximum after the sunspot numbers have started to decrease. 


IV. CONCLUSIONS 


In conclusion, there is a good general correspondence, and, in the 
case of the E-layer, correlation in considerable detail, between the 
averages of sunspot numbers and the critical frequencies (or ioniza- 
tion densities), of the various ionosphere layers. This means that 
the averages of sunspot numbers give a good criterion of the general 
level of solar activity, and a good index to the general amount of 
ionizing radiation emitted from the sun. Exact correlation is indeed 
not to be expected in detail, since sunspots and the ionizing radiation 
are two different manifestations of solar activity, which follow the 
same trend in general but not in detail. 

The existence of these relations, together with the vast amount of 
data available on sunspot activity in the past, suggests the possibility 
of forecasting the average condition of the ionosphere on the descend- 
ing half of this cycle, and perhaps even in future cycles. Accordingly 
average radio-transmission conditions and average optimum frequen- 
cies for radio communication over different paths can be estimated, 
months and even years in advance. 


WASHINGTON, August 30, 1938. 


3. $8. Kirby, T. R. Gilliland, E. B. Judson, N. Smith, The ionosphere, sunspots, and magnetic storms, 
s. Rev. 48, 849 (1935). 
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PROPERTIES OF PURIFIED NORMAL HEPTANE AND 
ISOOCTANE (2,2,4-TRIMETHYLPENTANE) 


By Donald B. Brooks 


ABSTRACT 

Normal heptane and “isooctane” (2,2,4-trimethylpentane) are used universally 
as the primary standard reference fuels for the knock rating of automotive engine 
fuels. In developing specifications for these standards, it became apparent that 
jata were needed on the physical properties of samples of the highest possible 
purity. Material already of high purity was carefully fractionated through 
columns having an efficiency equivalent to that of 60 theoretical plates. The 
important properties of the purest fractions obtained thereby were accurately 
measured. In each case the freezing point of the best material obtained was 
higher than currently accepted values. 


CONTENTS 
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II. Source and preparation of materials _ - 
. Test apparatus--__--_-_ eee ae 
[V. Physical properties... __---_- 
V. Calculation of purity - - - - 
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I. ORIGIN OF INVESTIGATION 


In 1934 the Cooperative Fuel Research Committee (CFR), repre- 
senting the automotive and petroleum industries, requested the 
National Bureau of Standards to develop specifications for n-heptane 
f and for “isooctane” (2,2,4-trimethylpentane) which are used as pri- 
mary standard reference fuels for the knock rating of automotive 
engine fuels. The investigation of the impurities in the isooctane has 
been described in this Journal [1].1. A similar investigation on n- 
heptane is in progress. In addition to knowing the nature and prop- 
erties of the impurities in the standards, it is necessary to know 
accurately certain properties of n-heptane and isooctane of high 
purity. To this end the purest available materials were further puri- 
fied, and the boiling points, freezing points, refractive indices, densi- 
ties, and certain of their differential coefficients were accurately 
measured on the resulting materials. 


II. SOURCE AND PREPARATION OF MATERIALS 


About 7.6 liters of isooctane of high purity had been obtained in 
the course of the investigation mentioned above. This material was 
now distilled through fractionating columns packed with locket chain 


—., 


' Figures in brackets indicate the references at the end of this paper. 
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and having an efficiency equivalent to that of 60 theoretical plates 
The forerun (10%) and residue (9%) were discarded and the remaip. 
ing 81 percent was divided into three roughly equal portions. The 
boiling points of the individual fractions and the freezing points of 
the three portions are shown in figure 1. 

The center portion of 2,100 and 500 ml of the third portion wer 
combined and again fractionated. The distillate was separated int, 
10 fractions and the normal boiling point and freezing point of eaci 
fraction were measured accurately. The purer fractions were selected 
for further study. 

The source material chosen for the purified n-heptane was the 
purest commercially available material which had been produced at t} 
time this work was done, namely, batch 7 of CFR certified n-heptan 
About 2.8 liters of this n-heptane was fractionated through th 
columns previously used for the isooctane, and cut into 200-m| 
fractions. The purer fractions were selected for further investigation 
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Figure 1.—Boiling- and freezing-points of material obtained after first stag 
purification of isooctane. 


III. TEST APPARATUS 


The apparatus used in the freezing-point measurements mp | 
a Pyrex tube containing a platinum resistance thermometer and stirrer, 
this tube being surrounded to a point above the sample height by a 
metal tube covered with aluminum foil. A Dewar flask in tur 
surrounded the above, and was partially immersed in liquid a 
In operation, sufficient of the sample was placed in the Pyrex tube 
to cover the thermometer elements but not to exceed the limit 0 
stirrer travel. 

A minor modification which resulted in a material increase 10 
precision was made in the design of the motor-driven stirrer. Stirrers 
customarily have consisted of a wire helix. The helices employed 1! 
the present apparatus were formed on a mandrel and rigidly attached 
thereto. While rotating the mandrel in a lathe, the helix was grou! 
until the wire comprising it had approximately a semicircular cross 
section, the flat being on the outer side of the helix. This gave t the 
stirrer a sharp shearing edge. It is believed that the increase 0! 
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precision results from the fact that this sharp edge shears microscopic 
crystals from the walls of the container as soon as they begin to form. 
Being microscopic, the crystals are rapidly dispersed throughout the 
liquid, and greatly improve the approach to equilibrium: attained 
during freezing. When a partially frozen sample is removed from 
this apparatus, it has a milky appearance; as it begins to warm, this 
milkiness disappears almost instantaneously, indicating very small 
crystal size. 

Boiling points of samples were measured while the samples were 
being distilled through a 10-inch jacketed column [3], the jacket being 
externally heated electrically to a temperature such that only slight 
condensation occurred in the column. A platinum resistance ther- 
mometer inserted in the column was used for the temperature measure- 
ment. The barometer used for measurement of atmospheric pressure 
in the determinations on isooctane was a Fuess Standard, readable 
to 0.01 mm. Reproducibility of results, when corrected to 760 mm 
Hg, averaged better than 0.002° C, equivalent to 0.04 mm Hg. An 
inferior Fortin- -type barometer, readable only to 0.1 mm, was used 
in the determinations on n-heptane; although it was calibrated after 
each measurement by determining the boiling point of water, the 
reproducibility averaged only 0.009° C, equivalent to 0.2 mm Hg. 

A Mueller bridge having coils maintained continuously at 35° C 
and reading directly to 0.0001 ohm, was used in conjunction with a 
25-ohm platinum resistance thermometer on both boiling- and freez- 
ing-point tests. Both the bridge and the thermometer were calibrated 
frequently, the latter in accordance with the procedure specified for 
the International Temperature Scale. 

The refractive indices of the carefully dried isooctane, measured 
by L. W. Tilton [2] of this Bureau, were determined for sodium light 
by the minimum-deviation method, using a water-jacketed hollow 
prism which was mounted in a stirred air bath on the spectrometer 
table. A platinum resistance thermometer was immersed in the 
sample during index measurements, and the indices were corrected 
to refer to dry air at the listed temperatures and at a pressure of 760 
mm Hg. The probable error in determining the indices is less than 
0.000005, and it is thought that the systematic error of the determina- 
tion did not exceed this value. The indices for n-heptane were deter- 
mined on an Abbe type refractometer (Valentine) graduated to 
0.0001 and calibrated against the isooctane. 

The densities of the samples, determined by E. L. Peffer of this 
Bureau, were measured by picnometer. The measured values given 
for the dry samples are believed to be correct to within +0.00001. 


IV. PHYSICAL PROPERTIES 


The physical properties of isooctane and n-heptane found in this 
investigation are given in table 1, together with the summarized 
boiling-point data of Smith and Matheson [4], and data from a critical 
review by Von Grosse and Egloff [5]. 

It is believed that Smith and Matheson’s ebulliometric data on 
n-heptane are decidedly more accurate than those obtained in this 
investigation. It should be mentioned that their samples were not 
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the same as those used herein, and that their apparatus also differed 
materially. 


TaBLE 1.—Physical properties of n-heptane and isooctane (2, 2, 4-trimethylpentane) 


[For precision of measurements see text] 





Refractive index Density lp 
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1 See reference [5] for a critical review of the literature. 


The data on freezing-point depression were obtained on samples of 
fairly high purity and are plotted in figures 2 and 3, for isooctane and 
n-heptane, respectively. Freezing curves for the purest samples of 
isooctane and n-heptane are given figures 4 and 5. 


V. CALCULATION OF PURITY 


From the data in table 1, it follows that if the purity of isooctane 
is above 97 mole-percent, it can be expressed, relative to that of the 
present preparation, by the formula 


p—131-121+4, 
0.2381 
where 
P=mole-percent 2, 2, 4-trimethylpentane 


t=observed freezing point, °C. 
The analogous formula for n-heptane is 


p——110.616+t, 
~~ 0.2004 


where the symbols have a similar meaning. 


The assistance of L. W. Tilton and E. F. Peffer in making the 
refractive index and density measurements is gratefully acknowl- 
edged. It is a pleasure to acknowledge also the great assistance 
rendered by the members of the American Petroleum Institute 
Project 6, both in consultation and in permitting use of their distilla- 
tion apparatus for this work. 
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FicuRE 2.—Effect of impurities on the freezing-point of isooctane. 
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FiaurE 3.—Effect of impurities on the freezing-point of n-heptane. 
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STRENGTH OF A RIVETED STEEL RIGID FRAME HAVING 
A CURVED INNER FLANGE 


By Ambrose H. Stang, Martin Greenspan, and William R. Osgood 


ABSTRACT 


The distribution of stress in the knee of a riveted steel rigid-frame specimen 
having a curved inner flange was investigated both experimentally and theoreti- 
cally. A theory was developed which gives the stresses in the knee to the same 
order of accuracy as the ordinary beam theory gives the stresses in the straight 
legs of the frame. Reinforcing the outer corner of the knee and stiffening the 
web were shown to have little effect on the stress distribution in the frame. 
The maximum load that could be sustained by the specimen was determined. 
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I. INTRODUCTION 


Tests have been made, with the cooperation of the American In- 
stitute of Steel Construction, on three steel rigid-frame specimens. 

The results of tests on a riveted specimen having straight flanges 
(1]* have been reported in RP1130. The results of tests on a riveted 
specimen having a curved inner flange are reported here. This speci- 
men was donated by the American Bridge Co. The results of tests 
on the third specimen will be reported in a later paper. 


II. RIGID-FRAME SPECIMEN 
1. DESCRIPTION OF THE SPECIMEN 


_ The rigid-frame specimen is shown in figure 1. It was fabricated 
from steel plates and angles joined by riveting. The weight as 
determined by the American Bridge Co. was 2,800 lb. The web of 


* Numbers in brackets indicate the references at the end of this paper. 
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the specimen was cut from a single plate. The specimen was sy». 
metrical about a line joining the center of the curved flange and ¢! 
intersection of the straight flanges. 

The outer corner of the specimen was reinforced by a gusset op 
each side secured to the web by rivets. Additional reinforcement 
at the outer corner was provided by extra angles and a bent plate 
These angles and the plate were secured by bolts turned to a light 
driving fit in reamed holes, as shown in figure 1, and were removed iy 
some of the tests. 
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Il'igurE 1.—Rigid-frame specimen. 


The web was stiffened by angles, as shown in figure 1. The lower 
ends of the stiffener angles were crimped over the connected legs of the 
inner-flange angles. The stiffener angles were secured to the web 
and the inner flange of the specimen by rough bolts in punched holes 
and were removed in one of the tests. 


2. TENSILE PROPERTIES OF THE MATERIAL 


Samples were taken from the flange angles and web plate before 
fabrication and marked A, B, £, etc., for identification, as shown 
figure 1. The tensile properties of the material were determined from 
coupons machined from these samples. The coupons were ASTM 
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g-in.-gage-length tensile specimens for plates, shapes, and flats [2]. 
The width of the coupons at the reduced section was 1.5 in., and the 
thickness was that of the material as rolled. 

The coupons were tested in a screw-driven, beam-and-poise testing 
machine having a capacity of 100 kips. The speed of the movable 
platen of the testing machine was 0.008 in./min until the extensometer 
was removed from the coupon. Thereafter the speed of the movable 
platen was 0.4 in./min. 

The strains were determined by means of a Ewing extensometer 
of 8-in. gage length. One division on the scale of this instrument 
corresponds to a strain of 0.000025. Readings were estimated to 
0.1 division. 

The yield point was determined by the drop-of-beam method. 
Young’s modulus of elasticity and the proportional limit were deter- 
mined from difference curves [8]. 

The tensile properties of the material are given in table 1. 


TABLE 1.— Tensile properties of the material 





Young’s | Propor- 
Coupon num- Coupon modulus tional Yield Tensile 
ber from of elas- | limit point | strength 
ticity 


Elouga- | Reduc- 
tion in tion of 
8 inches area 





1 Kips/in.’ | Kips/in.2| Kips/in.2| Kips/in.| Percent | Percent 
Angle A . 28, 600 33 36.7 60. 28 57 
Angle A - 502 29, 200 37.8 61. 
Angle B - 49 29, 400 : 67. 
Angle B . 495 27, 800 d 68. 
Angle C P 29, 400 39. 65. 
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Ill. TESTING PROCEDURE 


The rigid-frame specimen was loaded in a vertical, screw-driven, 
beam-and-poise testing machine having a capacity of 600 kips. The 
load was applied through two pin-connected shoes, shown in figure 1, 
one attached to each leg of the frame. 

Three different tests were made with the load acting along the line 
indicated in figure 1. For test 1 the bent plate and extra angles at 
the outer corner and the stiffener angles were bolted to the specimen. 
For test 2 the bent plate and extra angles at the outer corner were 
removed, and for test 3 the stiffener angles were also removed. The 
bolts through the angles were replaced in each case. The gussets at 
the outer corner were not removed for any of these tests. 

Strain-gage readings were taken at rosettes located as shown in 
figure 1 with Whittemore strain gages having gage lengths of 2 inches. 
One division on the dial of the strain gage corresponds to a strain of 
0.00005. Readings were estimated to 0.1 division. Each rosette 
consisted of four gage lines intersecting at a point and inclined at 45° 
to one another. 
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Each rosette location on the web shown in figure 1 represents two 
rosettes, one on either side of the specimen; and each rosette locatioy 
on the angles represents four rosettes, one on the inside and one on the 
outside of the outstanding leg of each angle. 

The specimen is shown in the testing machine for test 1 in figure 2. 
Before any strain-gage readings were taken, a compressive load of 67 
kips was applied and released five times. Strain-gage readings were 
taken at compressive loads of 5 kips and 65 kips. 


IV. MEASURED STRESSES 


Stresses computed from the strain-gage readings will be called 
measured stresses. These stresses were computed from the strains' 
due to the 60-kip increase in load by the methods outlined in RP1130 
[1]. The strains in corresponding gage lines of rosettes on opposite 
sides of the web of the specimen were averaged and the average values 
used in the computations. In the case of the outstanding legs of the 
flange angles, the strains in corresponding gage lines of the four 
rosettes were averaged and the average values used in the computa- 
tions. The magnitudes and directions of the principal stresses and of 
the maximum shearing stress for each set of two or four rosettes were 
computed. 


) 


The results of these computations are shown for test 1 in figures 3 
to 6, inclusive. Figure 3 is a contour chart of maximum principal 
stress. Each contour line is a locus of points of equal maximum 
principal] stress in the plane of stress. The contour lines show only 
the magnitudes of the stress. The directions of the contour lines 


are not the directions of the maximum principal stresses. The con- 
tour lines do not give the values of the stresses in the stiffeners. 
Simijar contour charts of minimum principal stress and of maximum 
shearing stress are shown in figures 4 and 5, respectively, except that 
the contour Jines of maximum shearing stress in figure 5 were drawn 
for the three-dimensional state of stress. At any point at which 
the principal stresses in the plane of stress are of the same sign, the 
maximum shearing stress occurs in planes at 45° to the plane of 
stress and is equal to one-half the numerically larger of these prin- 
cipal stresses. The magnitudes and direetions of the principal 
stresses in the plane of stress are shown in figure 6. 

The results of tests 2 and 3 are shown in the same way in figures 7 
to 14, inclusive. 

» The greatest deviation of any value of the modulus of elasticity from the average value was about 4.5 


percent (table 1). The average value was used for computing the stresses, because it was estimated that the 
error in the strain-gage readings was greater than 4.5 percent. 





Research of the National Bureau of Standards Research Paper |16 





ud 

















RE 2. The rigid-frame specimen in the testing machine, 
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Figure 4.—Test 1.—Minimum principal stress, kips/in *. 
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Figure 6.—Test 1.— Magnitude and direction of the maximum and of the minimum 
principal stresses, kips/in 2. 
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Figure 7.—Test 2.— Maximum principal stress, kips/in ?. 
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Figure 8.—Test 2.—Minimum principal stress, kips/in ?. 
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Figure 10.—Test 2.—Magnitude and direction of the maximum and of the mini- 
mum principal stresses, kips/in ?. 
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Figure 12.— Test 3.—Minimum principal stress, kips/in *. 
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Figure 14.— est 3.—Magniiude and direction of the maximum and of the miti- 
mum principal stresses, kips/in ?. 
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Comparison of the results for the three tests shows that the bent 
late and extra angles at the outer corner and the stiffener angles 

on the web had little effect on the stress distribution in the frame. 

The stresses at the outer corner were very small. 


v. ANALYTICAL DETERMINATION OF THE STRESSES 


A rigorous theoretical determination of the state of stress in the 
knee of a rigid frame with nonparallel curved flanges has not been 
obtained, but it is possible to determine the stresses semirationally 
with an accuracy believed to be comparable to that obtained for 
straight girders by the ordinary formulas used for such girders. Let 
figure 15 represent the web and the centroidal axes of the flanges of 
a portion of a rigid frame similar to the specimen tested. Suppose 


x 
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FiaurE 15.—Web and centroidal azes of flanges of a portion of a rigid frame. 


Determination of circular section and resolution of load at edge of wedge. 


the applied load resolved into horizontal and vertical components 
H and V acting at the centroid of the outer flange at a distance d 
from the point of tangency of the curved inner flange. Then, with 
the systems of coordinates shown in the figure, by drawing from 
any point (R, 2a) of the curved inner flange a tangent intersecting 
the outer flange at the point (R+h, y;) it is possible to write semi- 
rational expressions for the stresses along the arc, 2pa, swung with 
center at the intersection, and radius, p, equal to the distance between 
the points (R+hA, y,) and (R, 2a). The radii 6=a, 6=—a, and the 
arc 2oa form the boundaries of a wedge, which suggests analysis by 
means of Airy stress functions. A combination of stress functions is 
described below by means ‘of which the distribution of stress at the 
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circular boundary of the wedge may be approximated closely, eye, 
though the boundary conditions along the straight boundaries are 
not all satisfied. The solution for the stresses along the are 2p. jg 
very similar to the ordinary one for a girder with parallel flanges anq 
reduces to the latter solution as a=0 (p=). Its adequacy can he 
determined only by tests. , 

In order to obtain the solution, it is convenient to replace the ap- 
plied load by a force P; acting at the point (R+A, y;) perpendicular to 
the polar axis 6=0, a force P; acting at the same point along the pola; 
axis, and a couple M. These forces and the couple and the radius , 
which will be required, are easily found to be (see fig. 15) 


P, =V cos a—H sin a, 
P,= V sin Qa 4-H] COS a, 
- h cos 2a—R(1—cos 2a 
M=V| d————_ ni er ee! i, 
sin 2a 
h+R(1—cos 2a) 
— <a 
sin 2a 
Now assume that the stresses in the wedge due to P; can be derived 
from the stress function [4] 
Ci 
gi=—5 76 cos 6, 
where r is the radius vector from the edge, (R+A, y;), to any point in 
the wedge. From eq 5 


c ° 
(¢;),= = sin 6, 


(o9),:=0, 
(Tre)1 =). 


To determine the constant c,, the condition may be used that the 
component parallel to P, of the resultant of the distribution of stress 
along the arc 2pa must be equal and opposite to P;: 


2A,“sin? atte: | sin’ 6d9a— P,=0, 
p 


er 


where the cross-sectional area A, of each flange is assumed concen- 
trated at 02=a and 6=— a, respectively, and the thickness of the web 
plate is denoted by t. From eq 9 

Pip 


= ; ; mae] 
tp(a—sin a cos a)+2A,;sin’ a 





Cy 


and the stress (¢,),° becomes 


P, sin 6 (10 
tp(a—sin a cos a) +2A,; sin’ a 





(o,)\= 


¢ Owing to the wide discrepancy between the actual and assumed boundary conditions along the sides of 
the wedge, none of the computed stresses at r>p have any significance. 
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0sgo0d 
Assume next that the stresses in the wedge due to P; can be derived 
trom the stress function [4] 


=f ré sin 6, (11) 


, a 
(o,)2=—cos 8, (12) 


(o0)a=0, (13) 
(Tr0)2=0. (14) 
fo determine the constant a; the condition may be used that the 


| resultant of the distribution of stress along the arc 2 pa must hold P, 
in equilibrium: 


a) 


a . ! = 9 
2A;— cos? atta; | cos* 6d0-+- P,;=0. 
p 


=a 


— Pop ee 
to(a+sin a cos a)+2Ay, cos? a 





q,= 


ind the stress (a,)2* becomes 


P, cos 6 
tp(a+sin a cos a)+2A,; cos? a 





(o,)2= (16) 


Assume, finally, that the stress in the wedge due to M can be de- 
rived from the stress function 
o3= dy’0+-d,’ sin 20, (17) 
’ from which 


(0,)s=— 4d, sin 26, (18) 
(o6)3=0, (19) 


(ma)9=5 (a9 +2d,’ cos 26). (20) 


F Again, by considering the boundary 2pa of the wedge, the constants 
may be determined from the condition of equilibrium of forces per- 
pendicular to the polar axis and the condition of equilibrium of mo- 
ments (with respect to the edge of the wedge): 


— ore ae | re 
—2A ods sin 2a sin nm sin 26 sin 6 dé 


= 


+if" (ao’ +2d,’ cos 28) cos 6 dé=0, 


tf" (oa + 2d,’ cos 26)\d6+M=0, 


ang 
ee 
¢ See footnote ¢. 
107462—88——11 
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The solution of the two simultaneous eqs, 21 and 22, for a,’ 
3 | 
vives 


2A 
cos 2a— — sin 2a 





3) A 
sin 2a—2a cos 2a+ 7 oe sin 2a 
p 


l 





QA 
2a—2a cos 2a+— 
tp 


and the stresses (¢,)3° and (7,9)3 become 


; 2M sin 26 
('o,)s-=—— 


tp? 





Fe 
sin 2a—2a cos 2a+- tp 12a sin 2a 


‘ a 
cos 2a—— sin Za—cos 26 


tp eee 





4 . ‘ S « . ‘ 
sin 2a—2a cos 2a 2a sin 2a 


The final stresses are 


Tp 
op=0 


’ 
T p09 — (Tp6)3- 


=(Op)y T (0 5)2 


The preceding develo yment makes it possible to determine thie 
t i 


of stress. Of primary practical importance is the determinatio: 
the maximum normal and shearing stresses. For any circular s 
2pa the numerically largest normal stress occurs at 6=a or # 
but the determination of a to make the normal stress a maximun 
a minimum is another matter. It is evident that differentiat 
equation 25 with respect to a, setting the derivative equal 

and solving the resulting equation for a involves more than mort 
man is likely to accomplish. One must be content with crud 
methods. A cantilever girder of uniform strength, with negligib! 
web (latticed construction), loaded only by a transverse force at Its 
end, is triangular in elevation according to the ordinary beam theory 
Suppose now that we draw from the point of application of the a 
in figure 15 a tangent to the curved inner flange, as indicated by 
angle 2a. If we neglect the web, it is clear that, by analogy with t t 
girder of uniform strength, the circular section 2poa is weaker thi 
any section on either side of it when the effect of only the transvers 
component, V cos ay—H sin apo, of the applied load is considered 
The effect of both the web and the longitudinal component, V sin a- 
H cos a, of the applied load is to shift the weakest section to th 
left. This shift is likely to be small for most practical cases, but in 
questionable _ it may be desirable to compute the extreme fibet 
stresses for a=0 (by the ordinary beam theory) and for a=ay (M=! 


¢ See footnote c. 
f See footnote c. 
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The stresses for these two values of a are particularly easy to « ‘ompute 
and will indicate how rapidly the extreme fiber stress is v: arying. If 
the stress for aap is close to the maximum allowable stress, it may 
he worthwhile to compute the extreme fiber stresses for a value of @ 
intermediate between a=0 and aay. 

The value of a may be obtained by equating the right-hand side 
of eq 3 to zero and solving for cos 2a: 


a soe +- FR) )R | Sia (Re 2 — [?)| 
— ie CB | [i+af1- Rh 


The corresponding value of pp is obtained by substituting the value of 
a, from eq 28 for a in eq 4. 

The analy tical determination of the maximum shearing stress in- 
volves the same sort of difficulties as arise in connection with the maxi- 
mum normal stress. It is simply out of the question as a practical 
matter to differentiate eq 27 with respect to a, set the derivative equal 
to zero, and solve the resulting equation for a. It is almost evident, 
however, that the shearing stress becomes a maximum on the section 
defined by a=0, and consequently the equation for maximum shearing 
stress, Tmax, on the cross section of a straight girder applies, 


(h+R)?+d?}} 
iB)? +}: (7 


_ 3(th4 4A,)V (29) 
ee SA +-6 AST 


The exp pressions 10, 16, 23, and 24 should give good approximations 
to the stresses in any beam or girder with equal nonparallel flanges 
so long as the radii of curvature of the flanges are not too small relative 
to the depth at the section at which the stresses are desired. The 
expressions 10, 16, 23, and 24 are closely analogous to those which 
apply for a straight girder with parallel flanges and reduce to the latter 
as a=0 (p=). If numerator and denominator of eq 10 are mul- 
tiplied by p?, then the quantity P,p may be thought of as the bending 
moment at the circular section, the quantity p sin @ is the distance of 
any fiber from the neutral surface (the polar axis), and the denomi- 
nator is the moment of inertia of the circular sectional area with respect 
to the neutral surface. It is obvious then that as a=0 (p=), eq 10 
reduces to the ordinary flexure formula. Similarly, if in eq 16 6=0 
and a=0 (p=), the equation reduces to 
Py 
(o,)9= Fp +2A,’ 


which is the familiar expression for the normal stress due to an axially 
applied load. Equation 23 may be written for small values of @ and 
a as 


Me 





(o,)3= 9 


3tp of? +-2A spa’* 


which, with pa=h/2 and p§=z, reduces to 


LPSeeT 4 


(o, )3= 
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This equation is again the ordinary flexure formula. For smal 
values of @ and a eq 24 may be written 


] 
M3* — 
2 9 
tp <i + = 


3 “tp 


50+ ia 





(7 56)3=— 


which, with pa=h/2 and i reduces to 
—4) +A; “i 
(7,0)3=— 
ea 


This equation is the familiar one giving the transverse or longitudinal] 
shearing stress at any point at the distance z from the neutral axis of 
a straight girder when the shearing force on the cross section in 
question is M/p. In the present case M and p are given by eq 3 and 
4, and by forming the ratio M/p and allowing a« to approach zero, it 
is easily found that M/p=—V. 





VI. THEORETICAL STRESSES 


The theory was applied to the portion of the rigid-frame specimen 
bounded by nonparallel flanges. This portion may be termed the 
“knee” of the frame, and half of it is shown in figure 15, included 
between the positive axes of z and y. A flange was regarded as con- 
sisting of two angles and a part of the web plate between them, and 
the area of the flange was considered concentrated at its centroid, 
which was taken as the boundary of the web. The location of this 
boundary was computed for the two 4- by 4- by }-in. angles and 
the part of the included %-in. plate which extended from the centroid 
of the flange to the backs of the flange angles, by the method outlined 
in RP1130 [1]. The distance between the boundary and the backs 
of the angles was found to be 1.15 in., and the dimensions (figs. 1 and 
15) of the portion of the frame to which the theory was applied were 
taken as A=18—2(1.15)=15.7 in. and R=60+1.15=61.15 in. 

The load line intersected the centroidal axis of the outer flange at 
an angle of 45° at the point (R+, —d), where (fig. 1) d=120—18-— 
60+//2=49.85 in. The load was resolved at this point into com- 
ponents H= V=60-+2/2=42.43 kips. 

With these values of h, R, d, H, and V, eq 1, 2, 3, and 4 for P, Ps, 
M, and p were solved for four values of a, and the results were sub- 
stituted in =25, 26, and 27 for the stresses. The sections taken cor- 
respond to the following values of 2a: 2a=0, for which the theory 
reduces to the ordinary beam theory; 2a=2a,=15° 9’ obtained by 
solution of eq 28 and for which M=0; 2a=30°; 2a=45 

A comparison between the theoretical and the measured stresses 
for test 3 is shown in figure 16. The curves represent theoretical 
stresses, and the arrows, measured stresses. The measured normal 
and shearing stresses shown were obtained from the following quan- 
tities measured at the rosettes: the maximum principal stresses, ou: 
the minimum principal stresses, o,; and the angles, y, between 0; 
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and the load line. The values of o, at corresponding rosettes on either 
side of the line of symmetry of the frame were averaged, and from, 
the averages were interpolated the values of o, at the points at which 
the measured stresses are plotted in figure 16. The values of o, and 
y at these points were obtained similarly, and from the values of oy, 
s,, and wy at each point the components of stress in the 7- and 6-direc- 


tions were computed. The normal stresses, o,, are shown on four 
circular sections on the lower half of figure 16, and in addition, the 
normal stresses in the flanges have been plotted at right angles to the 
directions in which they act, with the centroidal axes of the flanges as 
base lines, to show more clearly the variation of stress along the 
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Figure 16.—Test 3.—Theoretical stresses and measured stress: 
The curves represent theoretical, and the arrows measured, stresses. 


flanges. The shearing stresses 7,» are plotted on four corresponding 
sections on the upper half of the figure, and the variation in shearing 
stress along the center line of the circular sections is also shown. 

The agreement between the theoretical stresses and the measured 
stresses 1s good, especially for the normal stresses. Except for a few 
points on the section defined by 2a=—45°, the theory gives stresses to 
the same order of accuracy as the ordinary beam theory gives the 
stresses for 2a=0. 

The numerically largest of the measured normal stresses shown in 
figure 16 occurs at the inner flange on the circular section defined 
by a=a. This result is in agreement with the conclusion, drawn 
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from the theory in section V, that the numeri ically largest norm 
stress occurs near the section defined by a=ay. The meas oy 
ing stresses on this section are negligibly small as would be expecte, 
from eq 24 and 27, which state that the shearing stresses on this 
section are everywhere zero. 


sn shea 


VII. MAXIMUM LOAD 


The rigid-frame specimen is shown in figure 17 in the testing ma- 
chine for determining the maximum load. The conditions for this 
test were the same as for test 3, except that lateral deflection of the 
outer corner of the specimen was prevented, and that the gussets at 
the outer corner had been removed. 

Before loading, the specimen was coated with a cement wash to 
make Liiders’ lines clearly visible where the material was stressed to 
the yield point. 

The maximum load sustained by the specimen was 72,000 Ib. 
Failure occurred suddenly, by lateral deflection of the mead inner 
portion of the frame with attendant yielding of the web near the inner 
flange as shown by the Liiders’ lines in figure 18. No rivets failed 
so ~ as could be observed visually. 

‘or test 3, the ratio of the load to the greatest measured stress j 
Me inner-flange angles was 3.92 kips per kip/in?. The ratio of th 
maximum load to the tensile yield point of the angles (see table | 
was only 1.80 kips per kip/in?. If one assumes linear variation o! 
stress with load up to the yield point and the compressive and tensil; 
yield points to be equal, it is evident that the full compressive strength 
of the material in the inner-flange angles was not utilized, and that 
the failure was by elastic instability. 


1 
4} 
+1 
ull 


VIII. CONCLUSIONS 


The distribution of stress in a riveted steel rigid-frame specimen 
having a curved inner flange was determined experimentally and theo- 
retically, and the maximum load was measured. The following con- 
clusions were drawn: 

The stresses at the outer corner of the knee of the specimen 
were small, and reinforcing the outer corner had a negligible effect on 
the distribution of stress in the specimen. 

The stiffeners had a negligible effect on the distribution of stress 
in portion of the frame not near the stiffeners. 

The formulas developed give the stresses in the knee to the same 
we of accuracy as the ordinary beam theory gives the stresses in 
the straight legs of the frame. These formulas re ,duce to the ordinary 
beam theory at the section where the straight and curved parts of { the 
inner flange are tangent. 

4. The design was such that the frame failed by elastic instability. 
The inner- flange angles at failure were stressed to less than half their 
yield point. This emphasizes the necessity of providing adequate 
bracing for the inner flange at the knees of rigid frames of this type. 


¢ The gussets had been removed in preparation for a contemplated test to determine the stress distri 
bution for this condition. 
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FicgurE 18.—IJnner portion of the rigid-frame specimen after failure 


Liiders’ lines are visible in a narrow band adjacent to the curved flange. 
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RESISTIVITY AND POWER INPUT IN THE CESIUM 
DISCHARGE AT HIGH CURRENT DENSITY 


By Fred L. Mohler 





ABSTRACT 


isurements have been made of the potential gradient and the ion current 
tube wall in a tube 5 mm in diameter for current densities ranging from 
20 amp/cm? and vapor pressures from 0.0045 mm to 0.33 mm. _ Potential 
nts have also been measured in a l-mm tube for current densities ranging 
30 to 150 amp/em? and vapor pressures from 0.33 to 2 mm. Published 
ilts give electron concentrations and temperatures for this range of conditions. 
istivity agrees approximately with the theoretical value for a completely 
d gas. The power dissipation comes predominantly from wall recombina- 
at low pressures. Above 0.17 mm the radiation is appreciable, and above 
it 1 em the radiation would account for most of the power input. Theo- 
‘al equations are given for the case where pressure and degree of ionization 
) high that the vapor is opaque. 


CONTENTS 


Be le se aS ee ee 
fem Co OES ES OE EEE NE ee sy ee nee ere 


I, INTRODUCTION 


In anotber paper ' data have been given on the electron concentra- 
tion and electron temperature in cesium discharges with current 
densities sufficient to give nearly complete single ionization over a 
wide range of pressures. In connection with these experiments, 
measurements of potential gradient were made for pressures up to 
2 mm of mercury, while values of the positive-ion current density 
to the tube walls were obtained at pressures up to 0.8 mm. These 
measurements permit for the first time an experimental investigation 
of the resistivity and power input in an ionized gas. 

A number of physicists have been interested in the theoretical 
problem of the mean free path and mobility of electrons in an ionized 
gas. A complication in the problem is that an isolated ion has an 
infinite effective cross section for electron scattering. However, if 
there are N, ions per cm’, then an electron is in the “field of a single 
ion over a path less than 1/ ‘N,' cm, and the scattering cross section 
has a finite value. 


1F, L. Mohler, J. Research NBS 21, 697 (1938) RP1150. 
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ev 


Gvosdover ” gives the equation for the cross section in 
centimeters of a sil ngly charged 1Oh as 


T2 


T,. is the electron temperature, N. the ion concentrati 


where 
under discharge conditions 


(equal to electron concentration ; \C 
the other symbols follow conventional usage. Most other deriy 

tions give equations of a similar form but with various values fo; 
Gabor, however, has used a very different st: itistic i] 


the problem a derived a quite different equati 


2 


the constants. 
method of solving 


Boeckner and the author* have shown that scattering of electrons 
by ions becomes important in a low-pressure discharge with a current 
density of the order of an ampere per square centimeter. The mea: 
free path at constant pressure decreases with increasing current 
measurements of this decrease give a method of computing the ior 
scattering area. The effect of a mixture of ions and atoms is conven- 
iently expressed in terms of the reciprocal of the mean free pat! 
which is the total scattering area per cubic centimeter. 

5 N,o; N 0 


where .V, and o, pertain to the neutral atoms. The resistivity 
dieni/current density) in ohms centimeters is 
LOT 128 
rans vet - nat ’ ~ ry aras f in) } OF 40 j Ta) | ) f 
ecause the scattering area Of lons 1s 20 to times that O11 
it is practicable to obtain conditions where the scattering 


atoms, it is 
Equations 4, 3, and 1 then give 


eutral atoms is negligible. 
X/I 
104, 


log 0.72 


is satisfactory 


In this equation the log term changes so slowly tha 
to use the form 


HMmh{ie, 

where K is nearly constant for a range of conditions where 7,?/N 
remains of the same magnitude. Ensatino 6 is quite general, for it 1s 
assumed to give the limiting value of the resistivity w ith high currents 
in any gas or discharge tube, assuming only that the ions are singly 
ionized. 

The energy balance in the positive column 
bolically 


‘an be expressed sym- 


ra? XI=R+H-4 


2 Physik. Z. Sowjetunion 12, 164 (1937). 

? Langevin, Ann. chim. phys. 6, 271 (1905): Thomas, Proc Roy. Soc. (London) [ A] 121, 470 (1928); Lana 
*hysik. Z. Sowjetunion 10, 154 (1936); Gabor, 7. Physik 84, 474 (1933). 

4‘ BS J. Research 10, 357 (1933) R P535. 
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» the term on the left is the power input per centimeter, & is the 

‘radiated by the vapor, #7 is the power c arried to the walls by 

at conduction, ‘and W is the power als ssipated | DY recombination of 
and electrons on the walls. The last term can be expressed 


=2ral,A(V,+8T,/11,600)=2ral, AV p, (9) 


wl 2eal, is the ion current to unit leneth of the tube wall, V; is 


t« 
} anizatio? wtinl ar { ST 11.600 is thea kinetic enerov f ha 
the 10niZation potential, and S#,/11,00U 1s the Kinet energy Oo the 
on and electron. } Rr 1S the total recombination energy in electron 
lts and A is an accommodation coeflicient to take account of the 
act that the neutral atom after recombination will have some kinetic 
\ value nearly equal to one is however to be expected. Vx 
the order of 10-electron volts in these experiments, and it is evident 
with 50- percent ionization, H will be only a few percent of VV 
fe » Neate) vl, R 1s ‘obablv small e Y ared ith W 
and can safely be neglectec vis probably small compared witb 
for extreme currents. At low pressures the ratio R/W decreases with 
increasing current to a value of about 0.5 for a current of 4 amp in a 
tube 1.8 em in diameter,® but there is no safe basis for predicting the 
io for the conditions here used. 


II. EXPERIMENTAL RESULTS 


Experimental details have been covered in another paper.’ At 
pressures above 0.3 mm of mercury, the electron concentration and 
temperature in a capillary discharge were measured by measuring the 
intensity distribution of the continuous recombination spectrum. 
In one series of experiments the potential difference was measured 
between two probes near the two ends of a capillary 1 em long and 1.1 
mm in diameter. This potential difference is assumed equal to the 
cradient in the capillary. The experiments covered a pressure range 
from 0.3 to 2 mm with current densities from 30 to 150 amp/cm’. 
The percentage of ionization ranges from 25 to 98. 

Another series of experiments base measurements of 7’, and N, on 
the characteristics of a probe surface flush with the wall of a 5-mm 
tube. NV, was derived from the ‘ion current equation’’,® 


f,=0.48 <10-"N,7,". (10) 


The potential gradient was measured between two probes 7 cm apart 
in the 5-mm tube. These experiments cover a pressure range from 
0.0045 mm to 0.38 mm with current densities from 5 to 20 amp/cm’. 
The percentage of ionization is not known but is probably of the same 
magnitude as was found for higher pressures. 

Table 1 gives the complete experimental data. Experimental 
uncertainties are probably of the order of 10 percent for T., N,, and X. 
It was impossible to attain the precision usually obtained in low current 
discharges under these extreme conditions. Evolution of foreign 
gas and thermionic emission from probes from overheating may 
account for the uncertainty. 

4 ind Langmuir, Phys. Rev. 34, 876 (1929). 

*F. L. Mohler, BS J. Research 9 25 (1932) RP455 


F. L. Mohler, J. Research NBS 21, 697 (1938) RK P1150 
‘See footnote 5. 
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TABLE 1.—Resistivity and power input 
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III. RESISTIVITY 


it follows from eq. 6 that the resistivity is conveniently expressed as 
, function of electron temperature. In figure 1 the data in the 
pressure range 0.0045 to 0.08 mm have been plotted and a single 
curve drawn through the points. Values tend to increase with de- 
creasing ion concentration, but experimental uncertainties do not 
‘ystify drawing separate curves through points obtained at different 
pressures. The theoretical eq. 6 has been plotted as a broken line, 
ysing a single mean value of 4.4 for the log term (values range from 
53 to 3.7). 

Figure 2 gives data in the pressure range 0.17 to 2.0 mm. Crosses 
sive values at 0.17 mm in the 5-mm tube; circles for 0.33 mm in the 
5mm tube; dots give data for the 1-mm tube at pressures indicated 

the right of each curve. <A single theoretical curve has been 
drawn as a broken line, using a mean value of 3.26 for the log term. 
Values of the log term decrease from 3.8 to 3.0 as the pressure in- 
creases, but the experimental values in the 1-mm tube increase with 
increasing ion concentration. 

Values of the scattering area o* derived from values of X/J by eq 
5 range from 0.14107” at 10,000° to 1.52 10-” at 3,000° for data of 
firure 1. Published values® based on measurements of the change in 
total scattering area S of eq 4 with current give somewhat smaller 
values. Thus at 7,=—4650, P=0.0012, Boeckner and Mohler obtained 
o,=0.6010-”, while the curve of figure 1 gives 0.81107". A com- 
plication in measuring the change in S with current is that with in- 
creasing current there is an increase in vapor temperature, so that a 
decrease in No, of eq 4 partially masks the change in Nio,. The 
difference between the two results may come from this effect. 

The absolute value of the resistivity from figure 1 is on the average 
20 percent less than the value given by Gvosdover’s equation (eq 6). 
Other theoretical equations give higher values and are less satisfactory. 

The observed change in resistivity with temperature is somewhat 
greater than 7'-*” though the mean curve of figure 1 conceals this 
trend. The experiments are definitely inconsistent with the Gabor 
equation (eq 2) both in magnitude and in dependence on 7, and N,. 

In comparing experiment and theory it is to be noted that eq 6 is 
| an ideal equation for a completely ionized gas without boundaries. 
It does not take into consideration the distribution of current across 
the tube and the effective current density is not accurately the mean 
; current density, J. This may well account for most of the discrepancy 
between experiment and theory. The contribution of scattering by 
neutral atoms to the resistivity is probably small. The scattering area 
of a neutral atom is about .03107-" and with 30 percent ionization 
| the neutral atoms contribute less than 10 percent of the total scattering 
area. Gyvosdover! has recently evaluated the contribution of the 
tube walls to the resistivity. This is small except for long mean free 
| paths and is negligible in these experiments. 

Table 1 includes values of the mean free path computed by eq 3 
and 4. Except at the lowest pressures the mean free path is much 
less than the tube diameter. Values decrease with increasing N, but 


Boeckner and Mohler, BS J. Research 10, 357 (1933) RP535, 
“Dysik, Z. Sowjetunion 18, 133 (1938). 
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FicurE 1.—Resistivity in ohms-centimeters as a function of electron temperature a 
pressures from 0.0045 to 0.080 


Broken-line curve is ea 6 with a mean value 4.4 for the log term 
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FIGURE 2.—Resistivity in ohms-centimeters as a function of electron temperature 


Crosses for 5-mm tube at 0.17-mm pressure, circles 5-mm tube at 0.33-mm pressure, dots 1-mm tube at pres 
sures indicated. Broken-line curve is eq. 6 with 3.26 for the log term 
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hegin to increase with increasing current as N, approaches its maxi- 
mum value. Theory predicts an increase proportional to 7° for 
nearly complete ionization. 


IV. POWER INPUT AND LOSS 


In section I it is shown that recombination on the walls probably 
accounts for most of the power loss though the power radiated cannot 
be definitely evaluated. The power input per unit wall current 
(aXI/2I, of table 1) is then a quantity that is not much greater than 
the available recombination energy, AVp, defined by eq 9. The 
tabulated values are always of the same magnitude as V» of eq 9 and 
at high temperatures definitely less than Vg. A plot of power input 
per unit wail current versus temperature is given in figure 3. [Experi- 
mental uncertainties preclude a detailed analysis but some definite 
conclusions can be drawn. A value of A somewhat less than 1 must 





1 A i 4 i i 
1000 2000 3000 4000 5000 6000 7000 8000 9000 !0000 
Te 


Fiacure 3.—Power input per ion in electron volts as a function of temperature. 





Pressures from 0.909 to 0.17, inclusive. The straight line is a plot of AVr of eq 9 with A=0.85 


be assumed to fit the high temperature values and the straight line 
isa plot of AVz for A=0.85. Results are consistent with the assump- 
tion that radiation is appreciable only at temperatures less than 6,000° 
corresponding to lower currents and higher pressures and the vertical 
distance between the line and the points is the energy radiated per 
unit ion current. These experiments alone do not exclude the possi- 
bility of a lower value of A and more radiation. However, published 
work"! on power input and loss at low current densities is inconsistent 
with a value of A much less than 0.85. 


F. L. Mohler, BS J. Research 9, 25 (1932) RP455. 
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V. CONCLUSIONS 


For the range of conditions covered in table 1, the resistivity, X/] 
is nearly equal to the theoretical value for a completely ionized gas 
as given by eq 6. It depends primarily on the electron temperature 
and neither the kind of gas nor the tube radius appears explicitly jn 
the equation. 

For a more limited range of conditions the power input is nearly 
equal to the wall recombination as given by eq 9. That is, 


X1=21, A(V,+8T,/11,600). 


In contrast to the resistivity, the quantity, XJ depends specifically 
on the tube radius, the kind of gas through V;, and perhaps on the 
material of the tube through A. One can eliminate X from eq 6 and 
12 and obtain a relation between the electron temperature and t!y 
other variables. Since the resulting equation is complicated and 
cumbersome, a rough approximation will be used to avoid this 
complexity. 

For the resistivity, eq 7 will be used with an experimental value of 
the constant, K, based on the data of figure 1. 


X/I=5.2X10/T3?, (13) 


Data of figure 3 and table 1 show that with" few exceptions the 
power input per unit wall current is within 15 percent of 8.6 v and, 
hence, 


(14) 
and by eq 10 
XI=8.3 X10-*N,T,}"/a. 
Combining eq 13 and 15 gives the two relations: 
X’?=4,.3X10-"'N,/T a, (16) 
P=1.6X10-°N,T3/a. (1 


It is to be emphasized that these simple relations are rough approx- 
imations valid for a limited range. The equations serve merely to 
give a rough picture of the relation of 7, to other variables under 
conditions of relatively low pressure and extreme currents. Thus it 
is of interest that 7, increases with increasing tube radius and constant 
current density. 

Power loss by radiation is evidently appreciable at pressures above 
0.3 mm and will be predominant at pressures above a few centimeters 
in a 5-mm tube for the radiation increases as the square of the pressure 
for sufficiently high currents. One can obtain relations analogous 
to eq 16 and 17 for high pressures by a purely theoretical approach. 
Because there is nearly temperature equilibrium at high pressure, for 
a given pressure and temperature one can derive N, by Saha’s equa- 
tion. Equation 6 then gives the resistivity, provided 7 is sufficiently 
high to give over 30-percent ionization and the power input is assumed 
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equal to the total radiation. An approximate theoretical evaluation 
of the total radiation of ionized cesium would, in general, be com- 
plicated. However, for the case that pressure, temperature, and 
tube diameter are so great that the ionized vapor is nearly opqaue, 
the radiation approaches that given by the Stefan-Boltzman law, 
namely, 5.71X10-"7,* w/em’. The power equation is then simply 


xI=1*x 10-" Ts, (18) 


This, combined with the resistivity equation, 6, gives 


17 <10°7 5" 0.72% 1073 
X?= ns log N28 . (19) 


9 6 2 
Pusl.7X10°°T "le log =. (20) 


2/3 
N,2 





Neglecting the variation in the log term, one has equations of the 
simple but unusual form, 


T,=k,a2 ye, (21) 
X=k,a-21 p51, (22) 


These relations are independent of the pressure except for the variation 
of thelog term. An approximate evaluation of the total radiation has 
been made for cesium vapor at a pressure of 760 cm of mercury and a 
temperature of 6,000° K in a tube 0.5 cm in radius. There is approx- 
imately 50-percent ionization for these conditions and N,=6 X10". 
The total radiation is 80 percent of that of a black body and XJ= 
2.410‘ w. X/IJ=0.05 ohms-cm. Hence, X equals 34 v and J= 
700 amp/em*. It may be entirely impractical to realize such con- 
ditions experimentally, but it remains of some interest to see the 
relations which must exist under conditions of extreme current 
density and pressure. Three independent variables in three quite 
general equations, the Saha equation, the total radiation equation, 
and the resistivity equation, completely describe the discharge 
conditions. This is in marked contrast to the complexities encoun- 
tered under all other discharge conditions. The generality of the 
Gvosdover resistivity equation for extreme ion concentrations may 
perhaps be open to question. 

The results of the numerical example give what may appear as a 
low value of X and a correspondingly high value of J, but there is 
no safe basis of comparison. Very high pressure mercury arcs have 
been operated at a surface brightness comparable to the above, but 
the ionization is far from complete, which makes X very much greater 
and J correspondingly smaller.” 


WasutneTon, October 3, 1938. 
2 Elenbaas, Z. Tech. Physik 17, 61 (1936). 
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